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Abstract  
In international competition the performance improvement needed to be able to move into a 
medal winning position in a final from fourth position is 1.5 points (Bedford et al., 2012). It may 
be expected therefore, that by providing a method of reducing tremor resulting in a 
corresponding performance improvement, Australian athletes could be given a competitive 
advantage without any additional skill improvements. This could be of significant benefit 
considering that, over the period of the study from 2004-2008, there was one world 
championship final in 2006 conducted in hot conditions, and an Australian representative in 
that final finished in 5th place separated from 3rd by 1.4 points.   
This research consists of two studies investigating the physiological response and the shooting 
performance of elite pistol shooters. The first examines the effects of hyperthermic (37C) 
compared to thermo-neutral (19C) conditions, and the second investigates the use of a 
Australian Institute of Sport (AIS)/RMIT University (RMIT) phase change material (PCM) pre-
cooling jacket material (Tate et al., 2008) or sleeve also in hyperthermic conditions.  
Shooting performance; shooting score over a 40 shot simulated competition, trace aim across 
the target, shot time and aim time in the 10 shot ring were measured by a gun mounted infra-
red Scatt shooting system. Physiological measurements; heart rate, core body temperature and 
skin temperature were measured throughout the simulated competition with questionnaires 
administered to assess thermal comfort and participant perceptions of the differences between 
conditions.  
The first study revealed significant increases in HR and thermal comfort during the heat 
condition indicating that there was an increased thermoregulatory load from the elevated 
environmental temperatures. Trace length was also significantly increased in each shot series 
for eight of the nine study participants and also as a grouped data set. This increased trace 
length in the heat condition mirrored as a lower score in each of the four shot series from the 
heat condition accumulating as a 2.1 point reduction in score for the whole match.                      
The second study elicited an initial benefit from the cooling jacket, with a significantly increased 
fractional shot score in the first shot series compared to the corresponding control series. 
Although not significant, core temperature (Tcore) was lower until the end of the first shot series 
following application of the jacket compared to control conditions. There was a significantly 
better reported thermal comfort level until the end of shot series 1, and at the conclusion of the 
study, shooters reported improved cognitive parameters and physical control of movement 
after wearing the jacket compared to control conditions. Trace length was reduced and shot 
  
 
xi 
time was increased in the first two series following application of the cooling jacket compared 
to control. Thus, it appears that, while short lived, there was a significant physiological, 
cognitive and technical benefit that accompanied the increase of 3.9 points in total score 
associated with shooting in hot conditions following pre-cooling with the AIS/RMIT phase 
change material pre-cooling jacket. 
The reduction in match score of 2.1 points in the first study from the heated condition 
compared to control is greater than the 1.5 point difference seen internationally between 3rd 
and 4th place. This indicates that attenuating this drop in score when competing in hot 
conditions could influence the medal results of international competitions. In the second study 
the AIS/RMIT PCM pre-cooling jacket elicited a 3.9 point higher score compared to no pre-
cooling. Given the variation internationally in 10m air pistol is 3.4 points the AIS/RMIT PCM 
pre-cooling jacket is a potential method to reduce the increased thermoregulatory load and 
subsequent performance reduction when competing in hot conditions. Providing a practical 
pre-cooling methodology when competing in hot conditions could provide international 
shooters with a competitive advantage and impact on the final medal standings at major 
international events such as the Olympics.  
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Chapter 1 
Background 
Hot and humid conditions can markedly affect the ability of an athlete to remain at a 
comfortable temperature during a sporting event, and may exacerbate certain characteristics 
detrimental to pistol shooting performance such as enhanced tremor, decreased cognitive 
function and effects on skill task. Various cooling strategies have recently been shown to have a 
beneficial effect on performance in endurance events (Marino, 2002, Quod et al., 2006). 
However, the benefits appear to be due to decreased cardiovascular strain and 
thermoregulatory strain (Lee and Haymes, 1995), increased substrate availability (Marino, 
2002) resulting in an increased time before a limiting work rate is attained, which may not be 
relevant for precision, non-aerobic sports such as shooting. Factors that may impair shooting 
performance in the heat are; reductions in cognitive ability (Hancock and Vasmatzidis, 2003), 
and decreased comfort (Epstein et al., 1980, Allan and Gibson, 1979) affecting a shooter’s well 
rehearsed routines, vasodilation (Kellogg et al., 1995, Pergola et al., 1996, Kellogg et al., 1989) 
causing swelling in the hand modifying the hand grip on the pistol, increases in physiological 
tremor (Lakie et al., 1995) and increases in ballistocardiac tremor from an increased heart rate 
tremor (Marsden et al., 1969b, Elble and Randall, 1978). It has however been found previously 
that pre-cooling the forearm prior to shooting decreases the incidence of tremor and enhances 
performance (Lakie et al., 1995). 
 
International shooting competitions are generally held in the summer months of the host 
country with the shooting ranges typically not air conditioned. The 2006 World Championships 
held in Zagreb, Croatia from the 21st of July until the 5th of August, during which temperatures 
reached a maximum of 34C (MHSC, 2014). In addition none of Australia’s competition or 
training ranges are air conditioned, potentially placing the athletes into hostile environments 
that could significant impact on their ability to perform at their best.  
 
The research aims to:  
Investigate the changes in performance and physiology that occur when shooting in hot 
compared to thermo neutral environmental conditions. 
Compare the changes in performance and physiology that can be elicited by the use of a pre-
cooling jacket or sleeve before shooting a competition conducted in hot environmental 
conditions. 
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In addition specific research objectives were: 
1. Provide information to the sport on the changes that occur to score, technique and 
physiology when competing in the heat compared to neutral conditions, by providing a basis 
for assessing training and competition performance or prescribing training, in hot 
environmental conditions. 
 
2. Provide practical pre-cooling strategies that will elicit performance enhancement when used 
in Olympic and world championship air pistol competitions conducted in hot environmental 
conditions. 
 
Significance of the study 
In international competition the performance improvement needed to be able to move into a 
medal winning position in a final from fourth position is 1.5 points (Bedford et al., 2012). It may 
be expected therefore, that by providing a method of reducing tremor resulting in a 
corresponding performance improvement, Australian athletes could be given a competitive 
advantage without any additional skill improvements. This could be of significant benefit 
considering that, over the period of the study from 2004-2008, there was one world 
championship final in 2006 conducted in hot conditions, and an Australian representative in 
that final finished in 5th place separated from 3rd by 1.4 points.   
 
Hypotheses 
Study 1:  
Shooting performance will be reduced when undertaken in hot conditions compared to thermo-
neutral environmental conditions. 
Physiological tremor measured as trace length via Scatt shooter training system will be 
increased when shooting in hot conditions compared to thermo-neutral environmental 
conditions. 
Study 2:  
Shooting performance in the heat will be improved after undertaking a pre-cooling protocol 
using an AIS/RMIT phase change material cooling jacket or sleeve. 
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The cooling jacket will provide a reduction or delay in rise of core body temperature when 
competing in hot conditions, providing a physiological advantage resulting in a reduced trace 
length. The cooling sleeve will provide a shooting performance enhancement, smaller than that 
of the cooling jacket, with a corresponding reduction in trace length.  
 
Limitations 
This research was limited by: 
1. Inhomogeneity and small participant numbers. Male and female subjects were grouped 
together. This is due to low participation rates within Australia compared to other leading 
shooting nations and also unavailability of some athletes due to national team 
commitments. This resulted in a wider spread of participants shooting performance skill 
level requiring caution when applying the results across the full elite shooting population. 
 
2. The simulated competition used in this research was a modification of the official Olympic 
10m air pistol competition to enable various physiological and perceptual parameters to be 
collected from all subjects at the same time. The detailed simulated competition description 
used is provided in the Methods section, but briefly; the Olympic competition for men 
involves firing 60 shots over a period of 105 minutes and for women 40 shots over 75 
minutes. This research study standardised 40 shots for both men and women and used the 
replication of the time structured finals procedure, used to determine places 1-8 after the 
preliminary competition.  
 
3. As the research was not conducted on a live international competition it is difficult to 
provide a true simulation of competition pressure. However, it was suggested that the 
pressure exerted due to the continued time restriction on each shot and being unable to 
take a break if required was greater than would normally be experienced in such a 
simulation and as such did provide a high level of stress akin to high level competition 
(Anatoly Babushkin, Australian national pistol coach, personal communication). 
 
4. Temperature pills were used to measure core body temperature in place of the standard 
rectal temperature collection method. It is known that there are slight differences in the 
absolute temperature measurements between temperature pills and rectal thermistors 
(Wilkinson et al., 2008) but the validity of the temperature pills measurements has been 
established (O'Brien et al., 1998, Wilkinson et al., 2008). Core temperature results are 
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reported in terms of change from baseline rather than absolute values to remove this as a 
possible source of error. 
 
5. The simulated competition used in this study did not allow actual firing of the pellet from 
the gun. Rather, the Scatt shooter training system was used to collect data on marksmanship 
following pulling of the trigger. However, a limitation of this system is that the effect of 
recoil on the participant’s arm following actual firing of a pellet, that can influence the final 
score of the pellet on the target, is not included. Despite this accepted limitation, the Scatt 
system is widely used as a training tool by most Olympic shooters, and has been shown to 
reflect the actual results when firing a pellet at a target (Zanevskyy et al., 2009).  
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Chapter 2 
Pistol shooting 
Shooting, as a sport, is governed internationally by the International Shooting Sport Federation 
(ISSF) and was one of nine sports contested at the first modern Olympic Games held in Athens 
in 1896.  There are currently three types of shooting events at the Olympics, categorised by the 
type of firearm used; pistol, rifle and shotgun. Over Olympic history men and women have 
competed alongside each other with two women winning medals in the mixed gender events, in 
1976 and as recently as 1992. After 1992 separate events were established and structured in 
such a way that direct comparisons between mens and womens events was not possible. There 
are currently three mens and two womens pistol events with three things differing between 
matches; (i) the distance between the firing point of the participant and the target, ranging from 
10m to 50m, (ii) the time structure of the event, such as self-paced requiring 40 individual shots 
to be fired over an allotted 65 minutes and compared to groups of 5 consecutive shots to be 
taken in 4 seconds, and (iii) the number of shots that make up the match from 40 to 60 shots.. 
The air pistol weighs a maximum of 1.5 kg and must fit inside a box of dimensions 42 cm x 20 
cm x 5 cm. It typically possesses an individually crafted wooden handle to enable comfortable 
grip. The trigger used has a minimum force of 500 grams that must be exerted to fire a shot, 
with the pistol using a cocking mechanism to load only one pellet at a time. The shooter 
maintains a standing position and operates the pistol with a single hand. A gas cylinder, usually 
holding compressed air, is used to propel a pellet, of calibre head diameter 4.5mm, towards a 
traditional cardboard target placed 10 metres from the participant’s firing position that has a 
width of one metre. The target (Figure 1) is 17 cm square and comprises concentric scoring 
rings radiating from a central 10 point scoring ring of 11.5mm in diameter (KA Publishers, 
2006).  
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Figure 1. Air Pistol Target  
Historically, the targets were placed on a pulley system that, depending on the rules of the 
competition, the competitor controlled to either push a target out to the required shooting 
distance or to retrieve it in order to change the target after one or more shots. More recently, 
electronic targeting systems have been used that employ acoustic systems to determine the 
placement of the shot on the target. Shot placement is then relayed instantly to the competitor 
via a computer. 
The 10 metre pistol shooting event used in this research study is contested by both men and 
women, though the women’s event has forty individual shots taken over 75 minutes, while men 
take sixty shots over 105 minutes. The event is conducted indoors to provide consistent lighting 
and to prevent external wind affecting competitors, although ambient air conditions are 
generally not controlled, which can result in extreme competition environments for 
competitors.     
The air pistol competition match consists of two stages, qualification and final. All competitors 
compete in the qualification stage with the competitors who achieved the eight highest scores 
progressing to the final, which is often staged two or three hours later.  
Qualification starts with 10 minutes of preparation time, where competitors are able to handle 
their firearm but no live pellet firing can occur. Following this the match starts with 75 minutes 
allocated for females and 105 minutes for males. Once the match begins competitors are able to 
fire an unlimited number of live sighting shots that are not counted in the competition until they 
designate the start of their competition shots. On completion of the sighting shots the match 
begins, each competitor is not required to shoot at the same time but individually takes each 
shot when they have an appropriate sight on the target. Shot scores are calculated in whole 
numbers being the score recorded by the highest scoring ring touched by the pellet. Match score 
is calculated by summing the scores for each shot. Currently, the world record score for females 
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over 40 shots is 393 from a possible 400, averaging 9.825 per shot, and the world record score 
for males over 60 shots is 594 from a possible 600, averaging 9.900 per shot. 
Scores for each competitor who qualifies for the final are carried forward from the qualification 
stage to the final stage. The final consists of 10 shots, and is commenced after a preparation time 
of three minutes where competitors handle their firearm and a further five minutes where 
unlimited sighting shots may be taken. During the final, competitors are called to fire each shot 
together, within a period of 75 seconds. Each competitor fires the first shot of the final, and then 
each competitor’s score is announced. Then the next shot is called for. This format continues 
until all 10 shots are taken. In contrast to the qualification shot scoring, scores in the final are 
measured within a series of 1/10 point gradations in each scoring ring, thus a maximum score 
of 10.9 for each final shot is possible. The score for each of the 10 final shots is added to the 
qualification score to establish the rankings of the event. In the event of a tie between any 
finalists, tied competitors take another competition shot in the format above, repeating this 
until there is a difference in scores between the tied competitors (ISSF, 2006). 
 
2.1 Pistol Shooting Technique 
A good pistol shooting technique encompasses stance of the shooter, grip of the pistol, aim and 
control of breathing. Correct stance provides steadiness and balance without undue strain on 
the musculoskeletal system. The shooter stands side-on to the target and extends the shooting 
arm sideways to the target. The shooter’s head is positioned as close as possible to the line 
located between sights and aiming area, and the trunk of the body leaned slightly forward, 
although in order to correct balance, the body trunk can sometimes be leaned slightly 
backwards. Effective gripping of the pistol relies on the correct pressure and distribution of this 
pressure on the grip as well as a firm wrist to aid in consistent recoil, thereby reducing the area 
of the target in which the shots are distributed. 
Aiming is the process of aligning the pistol and pointing it at the target and is achieved by 
aligning and maintaining the centre of the notch of the rear-sight and the centre of the top of the 
front-sight in a straight line. This is referred to as the ‘correct sight picture’ (Figure 2) and relies 
on the shooter’s ability to hold the gun at the correct angle to the shooter’s dominant eye and to 
then activate the trigger without altering the muscles responsible for holding the pistol. 
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Figure 2. Correct sight picture. (Blυe Star, 2006). 
As the shooter breathes, the rhythmic movements of the chest, stomach and shoulders move 
both the arm holding the gun and the ‘correct sight picture’. In order to minimise these 
oscillations, shooters control breathing while lining up the sights and stop breathing during 
final pistol alignment and activation of the trigger. However, there are other sources of 
oscillation that cannot be controlled by this action (Pistol Australia, 2011). 
 
2.2 Aim 
A critical prerequisite for a more successful shot is minimal movement of the gun barrel during 
the aiming phase (Zatsiorsky and Aktov, 1990, Konttinen et al., 1998, Ball et al., 2003, Mononen 
et al., 2003). Similarly Mason and Pelgrim (1986) found that movement of the aim in archery 
was linked to performance. Elite shooters have been shown to be able to keep their guns more 
stable during the aiming phase compared to novice shooters (Mason, 1990, Viitasalo et al., 2001, 
Konttinen et al., 1998, Konttinen et al., 2000, Mononen et al., 2003), although unlike novice 
shooters the amount of tremor is not necessarily related to the specific outcome or score of the 
shot in the elite shooter (Mononen et al., 2003, Mononen et al., 2007, Mason, 1990, Konttinen et 
al., 1998, Viitasalo et al., 2001). 
In novice shooters, aim is inextricably linked to postural sway, but in elite shooters postural 
sway can be controlled independently to gun stability in both shooting (Mason, 1990, Mononen 
et al., 2007, Era et al., 1996, Konttinen et al., 1998, Goonetilleke et al., 2009) and during bipedal 
standing (Aalto et al., 1990, Niinimaa and McAvoy, 1983). Interestingly, novice compared to 
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expert shooters relied less on vision, but more on proprioceptive and vestibular control 
mechanisms (Aalto et al., 1990).  
 
2.3 Shooting Tremor  
A characteristic that distinguishes elite shooters from their novice counterparts is the amount of 
tremor in the limb holding the pistol or rifle. This tremor results in a wandering of the shooter’s 
aim across the shooting target before a shot is taken. Early research (Spaeth and Dunham, 1921) 
into specific shooting expertise and steadiness, assessed tremor in an indirect way with the use 
of a dexterity test unrelated to a specific shooting task. A strong correlation was established 
between performance and steadiness. Subsequently, numerous studies have been able to 
measure tremor during performance and demonstrated an inverse correlation between shot 
performance and amount of tremor in pistol shooting, and also in other related activities (Lakie, 
2010, Pellegrini, 2004, Pellegrini and Schena, 2005, Tang et al., 2008, Ball et al., 2003, Mason 
and Pelgrim, 1986). 
More recently, tremor has been measured using accelerometers attached to specific sites on the 
body, allowing different sources of tremor to be recorded and quantified. Each tremor source is 
partly defined by a unique frequency of oscillation. In addition, the direction of the oscillations 
have a bearing on the tremor produced. However, where frequencies and directions of 
oscillations are similar, the independent contributions of tremor sources may become 
superimposed and are thus indistinguishable. The net effect of the various sources of tremor 
impact on the ability of the shooter to produce the correct sight picture and ultimately on gun 
stability, as measured using the Scatt shooting system which displays the wandering of the aim 
of the pistol across the target before a shot is taken. 
Various types of tremor have been described and characterised, primarily for the purposes of 
movement disorders (Deuschl et al., 1998) such as Parkinson’s disease. Tremor as a clinical 
classification is described as a series of rapid rhythmic movements or oscillations of any body 
part (Deuschl et al., 1998) that cannot be controlled voluntarily (Goodman and Kelso, 1983, 
Lakie and Combes, 2000). Tremor can be reduced by alcohol (Lakie et al., 1994), beta 2 
antagonists (Kruse et al., 1986), local muscle fatigue (Arblaster et al., 1988), ischemia (Marsden 
et al., 1969a, Goodman and Kelso, 1983, Lakie et al., 2004) as well as applying a load to the limb 
(Elble and Randall, 1978) while it is increased by caffeine, fatiguing exercise (Gajewski, 2006, 
Furness et al., 1977) and beta 2 agonists. Tremor also varies with diurnal rhythms (Harwell and 
Ferguson, 1983, Tyrer and Bond, 1974, van Hilten et al., 1991) and gender (Lakie, 1995). 
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Tremor can be further distinguished by source either physiological, ballistocardiac (Marsden et 
al., 1969b) or by the ability to maintain consistent aim at the target. 
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Physiological tremor 
Common or physiologic tremor exists in all joints or muscles that are free to move (Deuschl et 
al., 1998) which, in the finger, is just discernible to the eye. Physiological tremor in the finger 
has been measured by fitting the index finger with an accelerometer while fixing the wrist to 
prevent general movements. Rhythmic oscillations measured showed frequencies between 7 
and 11 Hz (Christakos et al., 2006, Elble and Randall, 1976, Elble et al., 2005), while Hallet 
measured a slightly broader spectrum of 8-12 Hz (Hallett, 1998), and Christakos et al. 
(Christakos et al., 2006) suggests a range from 6-12Hz. Tremor in the proximal joints is lower in 
frequency. Each limb contributes to overall tremor, and can exercise its own role in reducing it. 
For example, active control of the wrist joint reduces finger tremor (Morrison and Newell, 
2000). However, Pellegrini (2004) suggested that the postural oscillations of the shoulder do 
not play a significant role in the generation of the oscillations around the target. 
Physiological tremor comprises the following: (i) isometric tremor, caused when muscles are 
contracted against a hard surface such as gripping the firearm in the hand; (ii) tremor arising 
from delayed correction by the nervous system; and (iii) postural tremor caused by maintaining 
a limb position against gravity and relevant in shooting when stabilising the extended arm 
during aiming the pistol at the target. 
 
2.4 Isometric tremor 
A limb can he held in a static position by isometric contractions, that neither lengthen nor 
shorten muscles. Repetitive firing of individual motor units maintains a constant level of 
contractile force through alternate contraction and relaxation of the innervated muscle fibres. 
The frequency of contractions is typically at 6-8 impulses per second resulting in small ripples 
in tension. These ripples are measureable and reflected in the tremor of a limb. The frequency of 
these ripples has a tendency to reflect the activity of the largest (usually the most recently fired) 
motor units (Elble and Randall, 1978, Christakos et al., 2009). 
 
2.5 Tremor arising from neuronal processing 
A second source of tremor results from delays in information processing by the nervous system 
and transmitted muscular responses. Muscles are connected to the central nervous network by 
both central and peripheral reflex loops (Hallett, 1998). The peripheral loops return 
information from the connections between muscle to the spinal cord (Sanes, 1985). The central 
loops originate in the muscle and connect to the brain stem, to the brain and to higher parts of 
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the spinal cord. The neural structures receive information on the progress of limb movement 
and on the actual position of the limb, that is then compared by the cerebellum. In response to 
this comparison, neural information is transmitted to correct the position of the limb in space. 
Due to delays, corrective muscular signals can be outdated upon arrival at the muscle, dictating 
the rate of oscillation or the tremor frequency (Lakie et al., 1995, Christakos et al., 2006). 
 
2.6 Postural tremor 
Postural tremor, more often referred to as postural stability or postural sway, is the physical 
sway of the body towards and away from a target, or laterally, as the body attempts to maintain 
a stable position against gravity using involuntary muscular control. Postural tremor may be 
exacerbated in visually guided tasks (Deuschl et al., 1998) such as shooting. The postural tremor 
occurs at a much lower frequency, 0.9Hz, than the hand-target or upper arm, forearm and hand 
complex tremor.  
Although Era (1996) found that postural stability rarely contributed to a decreased 
performance in elite shooters, more recent research suggests that, in studies of both pistol and 
rifle shooters, postural sway correlated positively with aim point fluctuation and correlated 
negatively with performance (Mason, 1990, Goonetilleke et al., 2009, Mononen et al., 2007), 
although variation in individuals was observed (Ball et al., 2003).  
 
2.7 Ballistocardiac Tremor 
In addition to physiological tremor, ballistocardiac tremor has also been described (Marsden et 
al., 1969b) as contributing to the resulting movement of a shooter’s aim measured on the target. 
Ballistocardiac tremor results from arterial pulsation and recoil, as each heartbeat forces blood 
through the arterial system. Increases in heart rate or pulse pressure will increase the 
frequency or size of the arterial pulsation respectively, and, accordingly, increase tremor size.  
There has been evidence to suggest that elite pistol shooters are able to significantly decelerate 
their heart rate prior to a shot when compared to novice shooters (Tremayne and Barry, 2001, 
Bothwell et al., 1997) limiting the contribution of ballistocardiac tremor to overall tremor 
present prior to the shot. In addition, the attentional focus required to decelerate heart rate is 
able to induce a lower level of arousal, as indicated by higher measured levels of Alpha brain 
wave activity on an electroencephalographic profile as found by Hatfield (Hatfield, 1981, Tang 
et al., 2008). Tremayne and Barry, (2001) demonstrated that an earlier deceleration in heart 
rate was positively correlated with shooting performance. Unlike physiologic tremor, which is 
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not reduced as a result of training, it can be inferred that elite shooters are able to reduce the 
amount of ballistocardiac tremor by the development of internal systems that enable them to 
decelerate their heart rate prior to a shot. However, ballistocardiac tremor provides a relatively 
minor contribution to overall hand tremor (Marsden et al., 1969b, Elble and Randall, 1978). 
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Competing in hyperthermic conditions 
Elite shooting competitions are often held in environmental conditions that are less than 
optimal for elite performance. In particular, while appropriate thermoregulatory responses are 
invoked during hot and humid conditions to maintain core body temperature, ongoing activity 
in such conditions can lead to heat stress. The ability to protect the body during intense physical 
activity, such as that undertaken in endurance sports, is limited once a certain threshold core 
temperature is reached, which can potentially have a detrimental effect on performance and 
safety. Although not requiring intense physical activity, it is possible that hot and humid 
conditions may also adversely affect shooting performance. 
 
2.8 Dissipation of heat to the environment 
The main determinant of how much heat is lost by the body is the size of the thermal gradient 
(i.e. the difference) between the temperatures of skin and the environment. The human body 
loses heat to its environment through one of four processes - (i) evaporation, (ii) radiation, (iii) 
convection, and (iv) conduction.  
Evaporation refers to the vaporisation of water from the skin or moist mucous membranes and 
is the predominant means for dispelling heat when exercise is undertaken in hot conditions. 
Sweating greatly enhances the effectiveness of this process, whereas induction of the sweating 
response and vasodilation can be overridden in dehydrated individuals, presumably by 
cardiovascular or body fluid homeostatic mechanisms (Baker, 1989). The effectiveness of the 
sweating response is subject to the air vapour pressure gradient between the skin and ambient 
air, thus when the surrounding air is dry, sweat evaporation occurs much more easily and 
enhances heat exchange, but if humidity is high, sweat evaporation is hindered, thus reducing 
heat loss. Hence unevaporated sweat that drips from the body, rather than vaporising into the 
atmosphere, does not effectively remove body heat from the body.  
Radiation is the emission of heat energy in the form of electromagnetic waves and occurs when 
surrounding objects have surfaces that are cooler than the body. Under normal resting and 
thermoneutral conditions, most of the heat produced by the body is dissipated by radiation. 
Convection refers to the movement of air over the skin to dispel the layer of warm air 
surrounding the skin. Conduction refers to either the transfer of heat from the body core to the 
skin, or transfer of heat from the skin through direct contact with an outside material, surface or 
object. Under normal resting standing conditions, the contribution of the conduction process is 
minimal, as usually the soles of the feet are the only surface in contact with another object. The 
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combined processes of convection and conduction are greatly enhanced by forced movement of 
air across the skin, which displaces the warm air at the skin surface and replaces it with cool air. 
 
2.9 Thermoregulation 
Under normothermic conditions changes in skin blood flow are sufficient to maintain 
homeostasis.  When the ambient air temperature exceeds skin temperature then a negative 
gradient is created and the body is unable to dissipate heat via convection. The body may 
absorb heat, potentially creating a heat stress situation. In order to prevent this, the body 
undertakes a series of processes known as thermoregulation to enhance dissipation of heat 
from the core to the periphery and ultimately, the external environment. 
Early studies in animal models that illustrated the critical role of the hypothalamus in 
thermoregulation, induced responses in animals that were designed to dissipate heat from the 
core, such as panting, sweating and increased skin blood flow, by warming the preoptic anterior 
hypothalamus (Boulant, 1998).  A wealth of further studies employing brain lesions suggested 
that no single neural area acts as the centre for thermoregulation. Rather, there appears to be a 
hierarchy comprising the hypothalamus, the brain stem and spinal cord (Guieu and Hardy, 
1970). The latter two are responsible for crude changes in temperature regulation and can 
function in the absence of an intact nervous system (Boulant, 2000). 
Temperature-sensitive receptors have been identified in the hypothalamus and medulla 
oblongata (Chai and Lin, 1973), spinal cord (Simon, 1974), dorsal abdominal wall (Riedel, 1976) 
as well as cutaneous tissues (Hensel and Zotterman, 1951). These neurons convert thermal 
energy into neural impulses that are then transmitted to warm sensitive neurons in the preoptic 
anterior hypothalamus that effect either heat loss or heat conservation responses.  
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Hammel, (1965) proposed a thermoregulation neuronal model where a synaptic network of 
hypothalamic neurons regulated body temperature after comparing the current body 
temperature against an internal set point. Further electrophysiological studies have supported 
and extended this model ((Boulant, 2006) as summarised in Figure 3), although the precise 
mechanisms integrating input from skin and core body temperature receptors to an appropriate 
efferent output remain poorly understood (Morrison and Nakamura, 2011).  
 
 
Figure 3. Neuronal control of thermoregulation adapted from Boulant, 2006. 
 
It was proposed that shivering could be attenuated in experiments that simultaneously reduced 
core temperature to a level known to invoke shivering by raising skin temperature. Shivering 
still resulted, suggesting that sensory or receptor input from afferent neurons from the core 
takes precedence over that obtained from the skin when determining appropriate effector 
mechanisms (Jessen, 1981). However, signals from the known thermoreceptive sites in the core 
only contribute a proportion of the total thermo-afferent flow received from the core, 
suggesting additional receptors remain to be identified (Mercer and Jessen, 1978). Indeed the 
presence of thermosensitive structures has been proposed in diverse locations such as the vena 
cava, abdomen (Gupta et al., 1979) or muscle (Robinson et al., 1965, Stuart et al., 1961). 
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Cool and warm sensory thermoreceptors in the skin and other organs transmit signals to 
respective primary spinal sensory neurons in the dorsal horn (Hellon and Misra, 1973), where 
the information from the two different receptor types is integrated into one signal (Hellon and 
Misra, 1973). The signal then traverses through synaptic networks that converge on warm 
sensitive neurons in the preoptic anterior hypothalamus (Figure 3).  Neurons in the 
hypothalamus also provide information on core temperature. Inhibitory neurons in the 
hypothalamus receive little or no input from peripheral receptors, in contrast to the original 
model proposed by Hammel, (1965), but exhibit a tonically active firing of action potentials to 
provide a reference signal for information derived from the warm sensitive neurons and their 
peripheral inputs. Warm sensitive neurons in the preoptic anterior hypothalamus increase their 
firing rate in response to increases in peripheral temperature while decreasing it in response to 
cooler peripheral temperatures. Thus, if the input varies from the reference signal, an 
appropriate effector mechanism is invoked. Each effector mechanism has its own temperature 
setpoint. In addition, neurons in the dorsal horn provide thermosensory signals to the thalamus 
and subsequently to the cortex to provide conscious perception of thermal comfort.  Not all 
thermoregulatory modifications require input from the preoptic anterior hypothalamus as some 
are effected within a local feedback loop. 
In ambient conditions, changes in skin blood flow are the main means to manipulate the thermal 
gradient between the skin and environment to aid heat dissipation. Cutaneous vasodilation, 
mediated by the tonically active sympathetic vasoconstrictor system (Pergola et al., 1994) and 
the cholinergic hyperthermia-inducible vasodilatory mechanism (Kellogg et al., 1995, Pergola et 
al., 1996, Kellogg et al., 1989) markedly increase blood flow to the skin, thereby aiding 
convective transfer of heat from the core to the periphery. During hyperthermia in humans, skin 
blood flow can increase to as much as 6 to 8 L/min or 60% of cardiac output (Rowell, 2004) 
while 80-95% of this increased skin blood flow is mediated by the active vasodilatory system. 
In addition to the reflex control mediated by the sympathetic nervous system, local warming of 
the skin will also invoke a local biphasic vasodilatory response. The initial peak in vasodilation 
can be inhibited by topical anaesthetic (Minson et al., 2001), but not by neural blockade 
(Pergola et al., 1993), while the second, a prolonged plateau phase appears to involve nitric 
oxide (Minson et al., 2001, Kellogg et al., 1999), suggesting that this feedback loop operates 
independently of the central nervous system (Pergola et al., 1993). 
There is some evidence for control of skin blood flow that is not mediated by the 
thermoregulatory system. Examples of these reflex systems include the baroreceptor reflex, 
reflexes associated with exercise and effects of some cardiovascular diseases. Overall, they 
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appear to adjust the internal temperature at which cutaneous vasodilation invoked by the 
thermoregulatory system occurs as reviewed in Johnson (1986). 
During exercise in the heat, where a heat gain from the environment also occurs, sweating is 
also invoked. Evaporation of sweat on the skin surface decreases skin temperature and cools the 
blood in the dilated skin vessels that is then returned to the core. Hokfelt (Hokfelt et al., 1980) 
proposed that sweating and cutaneous vasodilation were both mediated by a single set of 
nerves employing both acetylcholine and vasoactive intestinal peptide. Other studies have 
shown that local application of atropine alone can abolish the sweating response, but that 
cutaneous vasodilation can be unaffected, delayed, reduced in magnitude, completely abolished 
or enhanced by atropine. Overall, these studies suggest that the precise identification of the 
neurotransmitters involved in sweating and cutaneous vasodilation are yet to be determined. 
 
2.10 Local cooling of the skin and vasoconstriction 
Decreases in local skin temperature resulting from local cooling of the skin cause a local, 
temperature-dependent vasoconstriction that is dependent on intact noradrenergic cutaneous 
active vasoconstrictor nerves (Pergola et al., 1993, Pergola et al., 1996, Johnson et al., 2005). 
Similar to the local vasodilatory response, local cooling is a biphasic response with a brief initial 
response mediated by activation of cold-sensitive afferent neurons that effect the release of 
noradrenaline from sympathetic cutaneous vasoconstrictor nerves, and a prolonged phase, 
possibly mediated by non-neurogenic mechanisms (Johnson et al., 2005). 
 
2.11 Factors affected by heat that contribute to shooting performance 
Good performance in shooting requires accuracy and reproducibility. Both these variables can 
be improved with practice and high quality equipment, but changes in the environment can 
result in variability in performance. One particular challenge is the hot and humid conditions 
that can occur if a shooting range is not air-conditioned. Disruption to practised routines and 
the inability of an athlete to remain at a comfortable temperature, as well as physiological 
perturbations such as changes in muscle tremor (Lakie et al., 1995), muscle fibre fatigue or 
perceived fatigue, heart rate (Simmons et al., 2008) and sweat rate (Wilkinson et al., 1964), may 
alter limb control and cognitive function to the detriment of performance.  
The extensive vasolidation that forms part of the thermoregulatory adaptation in response to 
hyperthermic conditions can decrease venous return and markedly reduce cardiac output 
(Rowell, 2004). The increased heart rate seen when competing under hyperthermic conditions 
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could compensate for the reduced cardiac output, or heart rate could increase, reducing cardiac 
filling time and resulting in decreased stroke volume and cardiac output (Fritzsche et al., 1999). 
Physiologically, heat applied to the skin can decrease the amplitude and duration of action 
potentials transmitted along nerve fibers to local working muscles (Cheung, 2008, Rutkove et 
al., 1997). Action potentials are restored to baseline levels upon removal of the heat source. 
Lakie (Lakie et al., 1995) applied heat via a water bath directly to the forearm of pistol shooters 
resulting in a significant drop in shooting score and increase shot spread on the target. In 
addition an increase in tremor size was seen. The decreased transmission latency should result 
in increased motor drive but the actual effects of heat on a skill task remain hotly debated and 
appear to be a function of complexity of the skill task, duration of exposure to a heated 
environment and influenced by the skill level of the operator as reviewed by (Hancock and 
Vasmatzidis, 2003). 
Initially, exposure to hot environmental conditions appears to invoke a state of increased 
arousal, which has been suggested to be responsible for the increased precision and accuracy 
seen in rifle shooting (Tikuisis et al., 2002, Tikuisis and Keefe, 2005) or other skill tasks 
(Razmjou, 1996, Blockley and Lyman, 1951, Blockley and Lyman, 1950) under hot conditions, 
which may also contribute to the improved reaction times in skill tasks observed with 
increasing core temperature (Simmons et al., 2008). However, these beneficial effects of heat 
appear to be short lived. In an experiment where subjects had to align a pointer with a target 
that moved erratically across a 4 inch aperture, after 5-6 minutes, errors in aligning pointer 
with target increased progressively, even when subjects were aware of their error level (Pepler, 
1959). Conversely, Tikuisis found no decrease in marksmanship following exposure to heat 
(Tikuisis et al., 2002, Tikuisis and Keefe, 2005). Blockley and Lyman (1951) found that the time 
to a decreased performance reduced as the temperature exposure was raised and it appears 
likely that the impairment of performance is not due to duration of exposure to the heated 
environment itself, but rather a function of increasing core temperature and heat storage 
resulting from the exposure (Simmons et al., 2008, Gaoua et al., 2011, Hancock, 1986).  
The cognitive functions most affected by exposure to heat were working memory, maintenance 
of vigilance and analysis and retention of visual information (Hocking et al., 2001). Imaging 
studies suggested there is an increase in effort by subjects to maintain the same performance 
levels as those achieved under thermoneutral conditions (Hocking et al., 2001). However, in 
highly overlearned tasks, referred to as a psychomotor skill, heat stress appears to have less of a 
detrimental effect on performance (Hancock and Vasmatzidis, 2003). 
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An even more contentious aspect is whether subject fatigue and thermal comfort influence 
performance. In some studies it has been observed that even when physiological adaptations 
such as skin temperature and heart rate have plateaued, subjects remained irritable and 
fatigued (Wilkinson et al., 1964, Nunneley et al., 1978). It has certainly been proposed that 
decreased subject comfort can affect performance (Epstein et al., 1980, Allan and Gibson, 1979). 
Although some studies have found no heat effect on tremor (Stiles and Randall, 1967), a hot 
environment has generally been found to increase tremor (Lakie et al., 1995, Banjar et al., 
2000), possibly due to increased sympathetic activation (Banjar et al., 2000). Conversely, 
localised pre-cooling has been reported to improve shooting performance, most likely due to 
the observed decrease in tremor in the shooting arm (Lakie et al., 1995). The decrease in tremor 
possibly arises from the completed fusion of normally sub-tetanic impulses. Cooling was found 
to reduce the twitch tension in slow twitch (Davies et al., 1982) and fast twitch muscles 
(Ranatunga et al., 1987), thus the pulsatile input to the resonant system may be reduced. 
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Cooling strategies in a hot environment 
In very hot or humid conditions the use of different cooling media has become a potentially 
important aid to athletes where heat exchange via convection, conduction or evaporation is 
impeded. Examples include those that cool via the skin (jackets, mist fans, cool air, water bath), 
those that cool via internal processes (ingestion of cold water, breathing cool air, cold 
intravenous saline) or those that target both (cold room or a combination of skin and core 
temperature reduction treatments). Collectively, these methods suggest a benefit of pre-cooling 
on endurance exercise (Marino, 2002, Quod et al., 2006), but pre-cooling largely does not seem 
to benefit brief periods of high intensity exercise during the heat (Marino, 2008).  
The initial premise behind a pre-cooling protocol in endurance events was that an initial 
lowering in core temperature, attained by the conductive mechanism of transferring heat from 
the body to an external object, would result in an increase in heat storage capacity, allowing an 
increased work rate or a greater time before exhaustion (Hessemer et al., 1984, Olschewski and 
Bruck, 1988, Schmidt and Bruck, 1981) or an increased period until a temperature that dictates 
a limit in work rate is attained (Nybo, 2008). While limiting the rate of rise in core temperature 
is an important outcome, the precise mechanism contributing to the beneficial effects of pre-
cooling protocols has not been fully elucidated, with early explanations centering around a 
reduction in cardiovascular or metabolic strain (Lee and Haymes, 1995), and more recent 
research suggesting inhibition of centrally mediated mechanisms that otherwise dictate a 
reduction in motor unit recruitment and voluntary motor activation following detection or 
anticipation of an increased thermal load (Tucker et al., 2004). Another suggested benefit of 
pre-cooling is enhanced substrate availability (Marino, 2002) to working muscles that can also 
contribute to increased work rate or time to fatigue. 
Since shooting is not an endurance task these physiological benefits may not provide a 
beneficial effect on performance in the heat. It has been suggested that excessive heat storage 
can affect cognitive ability (Hancock and Vasmatzidis, 2003), increase reaction time (Simmons 
et al., 2008) and affect psychomotor processes, so delaying the onset of excessive heat storage 
may aid in maintenance of the shooter’s practiced routines. However a resultant drop in core 
temperature from pre-cooling has been shown not to improve military shooting performance in 
target recognition (friend or foe), shooting accuracy and also in target engagement time 
(Tikuisis and Keefe, 2005). In contrast directly pre-cooling the forearm musculature via a water 
bath has been shown to decrease hand tremor (Lakie et al., 1995) and produce a small increase 
in pistol shooting performance, but this type of cooling was not correlated to a reduction in core 
temperature (Lakie et al., 1995). Consequently, the pre-cooling benefits may be related directly 
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to the pre-cooling of local musculature as opposed to the lowering of the central core 
temperature as seen in endurance athletes.  
For any pre-cooling method to be effective for use in sporting events, it must take into account 
the practical considerations of; minimal time requirement, athlete comfort, transportability and 
ease of preparation and application during the pre-cooling maneouvre. Furthermore, methods 
that use extremely cold temperatures against the skin can induce vasoconstriction at the skin 
surface potentially maintaining or even increasing core temperature, as skin surface receptors 
sense the cold temperature and induce a protective response to centralise blood flow. Extreme 
cooling methods can also induce shivering, which can deplete glycogen stores required for 
endurance events, but may also affect aim and precision in an event such as pistol shooting. 
 
  
 
23 
AIS/RMIT phase change material cooling jacket 
The AIS/RMIT cooling jacket incorporates a specific substance known as a phase change 
material (PCM) and was designed to maintain skin and core body temperatures below those 
that would be attained without such protection in hot and humid ambient conditions. Phase 
change materials store or provide heat at a specific temperature, which is determined by the 
specific phase diagram of the materials used. The temperature gradient between either the skin 
and AIS/RMIT PCM jacket is maintained via the latent heat of the softening or melting phase 
change of the material within the garment (Tate et al., 2008). The AIS/RMIT garment is made up 
of various layers as shown in Figure 4. 
   
Figure 4. AIS/RMIT pre-cooling jacket.   
Structure and function of layered materials for phase change material (PCM) garment, (b) Typical PCM compartment 
arrangement within PCM garment (full jacket), (c) Rowing cooling vest indicating specific application-based design 
features (Tate et al., 2008). 
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The inner shell comprises a combination of wool and elastine, with the wool providing moisture 
absorption, while still maintaining dryness at the inner surface. One centimetre channels 
between the PCM enable moisture to traverse the inner and outer layers. The outer shell is 
lightweight polyester with enhanced properties designed to draw moisture from the inner layer 
and wick it away by evaporation at the outer surface. The jacket is fitted with cotton ribbed 
bands at the base and around the wrist cuffs to ensure that bulk hot air from the external 
environment cannot enter the garment. A prototype garment was extensively tested on athletes 
performing in thermally stressful environments and found to reduce rectal temperature, sweat 
loss and skin temperature in an area not covered by the cooling jacket, both before and during 
exercise, when compared to athletes using no pre-cooling intervention. Furthermore, the 
AIS/RMIT jacket maintains athlete comfort, most likely through the ability to provide cooling at 
approximately half the thermal capacity of conventional ice cooling vests (Tate et al., 2008). 
 
 
  
 
25 
Chapter 3 
Methods 
This research consists of two studies investigating the physiological response and the shooting 
performance of elite pistol shooters: study 1 which examines the effects of hyperthermic 
compared to thermo-neutral conditions, and study 2 which covers the use of a pre-cooling 
jacket or sleeve also in hyperthermic conditions. 
 
3.1 Participants: Selection  
Study 1: Nine elite 10m air pistol shooters, three male (mean age 38.1 ±16.2 years, stature 172.0 
± 13.3cm, body mass 79.7 ± 16.2kg) and six female (mean age 40.1 ± 5.6 years, stature 165.7 ± 
10.3cm, body mass 67.7 ± 19.7kg) participated in the study (Appendix 5, Table 5). “Elite” was 
defined as male and female 10m air pistol shooters who had competed as an Australian 
representative at the Oceania Shooting Championships and over the previous year completed at 
least 3 events that could contribute to the Australian national shooting program ranking system. 
Two of the female and one male participants were Olympians, one of the female participant had 
won an Olympic medal in the Sport Pistol event. Both female Olympians were previous finalists 
at World Championships and winners of multiple medals at International Shooting Sport 
Federation World Cup events in 10m air pistol events.  
 
Study 2: Seven elite 10m air pistol shooters, three male (mean age 30.8 ± 14.9 years, 181.6 ± 
3.7cm, 92.5 ± 14.9kg) and four female (40.3 ± 5.1 years, stature 164.0 ± 9.0cm, 64.7 ± 16.0kg) 
participated in the study (Appendix 6, . Data analysis was undertaken on 6 participants only, 
one male participants’ data was excluded due to fatigue effect from an international flight the 
day before the study began. The two female Olympic representatives detailed above in study 1 
were unable to participate in this study 2 due to changes in training requirements for 
international competition. 
Approval for this research was given from the RMIT University Human Research Ethics 
Committee (Appendix 1). All participants were familiarised with the conditions of the research 
and were provided with a plain language statement (Appendix 2) describing the research prior 
to providing written informed consent. All subjects, except for one in the second study, had used 
the Scatt shooting system extensively in training. In order to enable this subject to become 
familiar with the system, a Scatt shooting system was provided to this participant for a period of 
two weeks before the second study to be used in their normal daily training environment.  
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3.2 Study design 
Study 1: A randomised crossover design was implemented to examine whether heat affected 
pistol shooting performance. Participants completed a shooting simulation in an air pistol range 
under two different environmental temperatures; (i) 19 ± 1.0C (control conditions) and (ii) 
37.0 ± 1.0C (hot conditions). Data collection was conducted over three days with each shooting 
simulation separated by 48 hours (Figure 5). 
 
Figure 5. Schematic design for study 1. 
Participants were randomly assigned to either group 1 or 2. Participants in group 1 performed a 
shooting simulation on day 1 under control conditions, rested on day 2 and performed a second 
simulation on day 3 under hot conditions. Participants in group 2 performed a shooting 
simulation on day 2 under hot conditions, rested on day 3 and performed a second simulation 
on day 4 under control conditions. Subjects were not monitored on rest days. 
 
Study 2: A randomised crossover design was implemented to examine whether a pre-cooling 
protocol affected pistol shooting performance. Participants completed a shooting simulation in a 
heated air pistol range (37.0 ± 1.0C) under three different conditions. These conditions were: 
(i) Control condition - no pre-cooling 
(ii) Pre-cooling jacket condition - application of a AIS/RMIT pre-cooling PCM jacket (Tate et al., 
2008) fitted with full arm sleeves and hood (Figure 6).  
(iii) Pre-cooling sleeve condition - application of an arm sleeve, made from the AIS/RMIT pre-
cooling PCM jacket, that was fitted from the wrist to the acromioclavicular joint, including the 
armpit. 
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Figure 6. Participant wearing the AIS/RMIT prototype phase change cooling jacket. 
Each condition was implemented for thirty minutes, thirty minutes after participants entered 
the heated shooting range for a shooting simulation. Data collection was conducted over three 
days with each shooting simulation separated by 48 hours (Figure 7). 
 
Figure 7. Schematic design for study 2.  
Participants were randomly assigned to either group 1, 2 or 3. On day 1 of the study participants 
from group 1 performed a shooting simulation under control condition, group 2 under cooling 
jacket condition, and group 3 under the cooling sleeve condition.  On day 3 participants from 
group 1 performed under the cooling jacket condition, group 2 under the cooling sleeve 
condition, and group 3 under the control condition. On day 5 participants from group 1 
performed under the cooling sleeve condition, group 2 under the control condition and group 3 
under the cooling jacket condition. Subjects were not monitored on rest days. 
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3.3 Study Environment 
Shooting range 
The 10m air pistol range at the Yarra Pistol Club, Wellington Rd, Lysterfield, Melbourne, 
Australia (Figure 8) was used for both studies. The range was prepared by covering the main 
ventilation shafts in the roof and the open spaces between the top of the walls and the start of 
the roof with plastic sheet. An air flow vent in the roof that ran the full length of the range was 
left open to allow limited air movement in and out of the range. The range had a glass wall 
behind the shooters with an open door way that was also covered. This glass wall allowed a 
viewing area directly behind the shooting area to remain unheated. This was used by 
participants for mental preparation and visual adjustment to light conditions before entering 
the range. Consistent with statutory requirements, the range facility was under control of the 
Yarra Pistol Club range officer for the duration of each study.  
 
 
Figure 8. The simulated competition environment in the 10m shooting range at Yarra Pistol Club. 
 
Control of Environmental Conditions 
To heat the range to the desired environmental conditions (37.0 ± 1.0C), four gas fired fan 
heaters (Wild Cat, Melbourne, Australia) were used for both studies. The heaters were started 
four hours prior to participants entering the range and controlled manually to ensure 
conditions stayed within the desired range. No control was exerted over humidity in the range. 
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The heaters were kept behind the shooters and were pointed away from the firing line so no hot 
air flow was directed onto the participants. During the simulated competition, air temperature 
and relative humidity were measured every 15 minutes with a Kestrel 400 Weather Tracker 
(Nielsen-Kellerman, Boothwyn, PA, USA). On days where no heat intervention was used, 
temperature and humidity in the range was uncontrolled. All temperature and humidity 
readings for study 1 are given in Appendix 5 and Appendix 6  for study 2.   
 
3.4 Simulated Shooting Competition 
All shooting procedures were conducted in accordance with the range safety regulations and 
under the usual competition conditions for a 10m air pistol event, as dictated by the 
International Shooting Sport Federation (ISSF, 2006). The Australian Olympic pistol coach was 
present to control the shooting simulation to ensure it was run in accordance with international 
competition regulations. 
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Pre-simulation competition procedures 
Upon waking, a urine sample was collected by each participant. A core body temperature pill 
(CorTemp temperature pill HT150002. Florida, USA) was self administered four hours prior to 
entering the shooting range. Participants arrived at the shooting range three hours before 
beginning the simulated competition (Figure 9). 
Figure 9. Schematic of study time course and measurements. 
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Before entering the range, hydration status (refractometer URC-Ne. Atago, Tokyo, Japan), core 
body temperature and body mass (Tanita BWB-800 electronic scales. Wedderburn, NSW, 
Australia) were measured and a heart rate monitor (Polar S600. Polar Electro Oy, Kempele, 
Finland) and skin temperature thermistors (TC-T-SP.WIREX.LNGT. Heastern Industries, 
Melbourne, Australia) were attached to each participant. Participants’ food and drink bottles 
were then weighed (Tanita BWB-800 electronic scales. Wedderburn, NSW, Australia). 
Participants entered the shooting range 1hr 15 min before starting the shooting simulation with 
core body and skin temperature measurements collected every five minutes until the first 
simulated competition shot, when they were collected immediately prior to the first shot of each 
series, and after shots 3, 6 and 10. Thermal comfort and heart rate were collected upon entering 
the shooting range, after 30, 60 and 75 min and again after the completion of each 10 shot 
series. 
During the first 30 minutes in the range participants were able set up their equipment, attach 
the Scatt Shooter Training System (USB Professional. Scatt, Moscow, Russia) and calibrate it 
with their firearm. In addition, participants undertook their normal individualised competition 
preparation procedure, consisting of visualisation, relaxation and shooting-specific movements. 
Participants were then seated at their shooting station for a period of 30 minutes. In the second 
study this period was used to implement a pre-cooling strategy.  
 
Simulated Shooting Competition 
Sixty minutes after entering the shooting range the simulated shooting competition began. The 
Australian Olympic pistol coach was the designated competition controller. Participants were 
allocated a 10 minute preparation period in which they were able to dry fire their firearm, with 
no feedback from the Scatt system, and then a five minute live fire period, with ‘real time’ shot 
feedback provided by the Scatt system via a laptop computer at their shooting station. The 
match simulation was then broken into four series, each of 10 shots, totaling 40 shots for the 
match. The competition controller gave a command for each participant to “Load” and then to 
“Commence competition shot number 1”. A period of 75 seconds was allocated to complete the 
shot. Participants were then told to “Stop”.  A period of 30 seconds was then allowed from the 
“Stop” command until the next competition shot was called. The series of 10 shots followed this 
format, after which there was a rest period of three minutes and participants were permitted to 
remain in a standing position or to sit in a chair provided. This shot sequence was repeated until 
40 shots had been completed. 
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3.5 Subject Measurements 
A schematic description of the time course of study measurements is given in the description 
(Figure 9). In each study participants were required to complete a food and fluid diary on the 
day prior to and on the first day of testing, and then asked to replicate the food and fluid intake 
for each additional simulation in that study. Participants were able to drink and eat ad libitum 
after initial body mass was measured with all drink and food supplied by the participant. In 
order to account for the consumed food and fluid during each trial in the sweat loss calculation 
below, all drink containers and food for each participant were weighed together prior to 
consumption, and on completion of each trial, all remaining food, wrapping and drink bottles 
were weighed together. Participants were asked to abstain from alcohol and strenuous exercise 
for 24 hours prior to each testing day.  
 
Daily sweat loss was estimated using the following expression: Sweat loss (g) = body mass start 
(g) – body mass end (g) – fluid intake (g)- food intake (g) + excretion output (g). Due to the 
length of the trials subjects were permitted to use the toilet before shooting commenced and 
excretion was defined as (body mass before (g) – body mass after (g) toilet visit). 
Body mass measurements were obtained upon arrival for each trial, at the completion of the 
trial and before and after any toilet visit using electronic scales that had an accuracy of 50g. To 
increase the accuracy of the sweat loss calculation subjects were weighed dressed only in 
underwear, and after toweling any residual sweat from the body. Heart rate data was collected 
over five second rolling average and downloaded via an infrared interface with the Polar 
ProTrainer 5 software. 
 
Participants collected a midstream urine sample on waking that was tested for urine specific 
gravity (USG) upon arrival at the shooting range in order to estimate hydration status. As 
previous studies in national shooters have shown, flying travel prior to competition often 
results in USG measurements in excess of 1.020, indicating a state of dehydration (N. Sanders, 
unpublished observations). In order to prevent dehydration, participants in this research who 
were required to fly the day prior to the competition were directed to consume a 600ml 
Gatorade sports drink on the plane, and again on arrival at the hotel. To assist each participant 
arriving at the shooting range in a hydrated state (USG < 1.020), all study participants were 
asked to consume 250ml of water per hour while awake on the day prior to each study trial, and 
on the evening before each trial, subjects were asked to consume 1.5 L of Gatorade sports drink 
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provided to them over a period of 1.5 hrs, finishing 3 hrs before sleep. A small stipend of $100 
was available to each subject to cover costs if this strategy was followed.  
 
Core body temperature (tcore) was measured at time points shown in (Figure 9), after 
participants self-administered an oral temperature pill (CorTemp HT150002. Florida, USA). 
Measurements were obtained using a core temperature data recorder (CorTemp HT150016. 
Florida, USA). When setting up the hand held reader, a manufacturer’s calibration code was 
used for each individual pill to ensure accuracy of measurements.  
At each time point two measurements were collected and a mean of the readings was then taken 
as the core temperature measurement at that time point. If there was more than 0.1C 
difference between the two readings, a third reading was taken with the mean of the closest two 
readings recorded as the core temperature at that point.  
 
Skin temperature measurements were collected using a Type T Wire “physiology body” 
thermocouple with bead tip (Heastern Industries, Melbourne, Australia). Once participants 
entered the range, the thermocouples were connected to a DataTaker DT800 (Datataker Pty Ltd, 
Melbourne Australia) with measurements automatically collected every minute (Figure 10). 
Thermocouples and DataTaker DT800 were pre-calibrated by comparison with a NATA certified 
oven at three physiological temperatures.  
 
Figure 10. DataTacker DT800 connected to thermocouples for recording and display of skin temperature. 
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Four sites were used for skin temperature collection as detailed below in accordance with 
previous descriptions (Marfell-Jones et al., 2001). 
(i) Forearm (tforearm) - midpoint between the stylion and acromiale bone landmarks of 
the shooting arm, 
(ii) Calf (tcalf) - posterior placement of the medial calf skinfold site, 
(iii) Chest (tchest) – mesosternale, 
(iv) Thigh (tthigh) - front thigh skinfold site. 
A level 1 ISAK qualified kinanthropometrist applied each skin thermistor using the following 
process: hair was shaved from the region, the site was cleaned with an alcohol swab and dried 
with a tissue and then porous adhesive tape (Transpore, 3M, St Paul MN, USA) was applied 
across the thermistor cable and half of the bead to hold it in contact with the skin. The tape did 
not completely cover the bead to prevent the creation of a microclimate that could otherwise 
affect the readings. A second piece of tape was applied across the cable and skin 15cm from the 
thermistor to ensure the cable was secure and any unforeseen movement of the cable would not 
dislodge it.  
The mean skin temperature (tsk) value was calculated using the method described by 
Ramanathan (1964): 
tsk = 0.3 x (tchest + tforearm) + 0.2 x (tthigh + tcalf) 
 
Participants were asked to rate their perception of thermal comfort at specific times throughout 
each trial, on a self rating scale (Young et al., 1987) ranging from “0.0 Unbearably Cold” to “8.0 
Unbearably Hot” (Appendix 3). 
 
Environmental conditions were evaluated in the shooting range temperature (oC) and relative 
humidity (%) were measured every 15 minutes (Kestrel 400 Weather Tracker, Nielsen-
Kellerman. Boothwyn, PA, USA) calibrated by Australasian Calibrating Services (Melbourne, 
Australia) according to the National Sport Science Quality Assurance Program specifications of 
the AIS (Canberra, Australia). 
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Shooting performance was established by the Scatt Shooter Training System (Scatt Company, 
Russia). This system was created in 1991 following a collaboration with the then Russian 
Federation Shooting Team to design a computer based shooting system. In order to collect data 
using the Scatt shooting system, an electronic optical sensor (Figure 11) was fixed to the barrel 
or the compressed air cylinder of an air pistol and connected by a USB cable to a computer 
(Figure 12).  
 
Figure 11. Scatt electronic optical sensor. 
 
 
Figure 12. Scatt optical sensor connected to computer. 
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An electronic target control box is then connected by a second USB cable to the computer, which 
was also directly connected via data cable to the Electronic Target (Figure 13) mounted 10m 
from the shooting point. 
 
Figure 13. Electronic Target 
 
Once the Scatt system was set up, the participant was able to aim at the electronic target, and 
the infra-red beam from the electronic optical sensor attached to the pistol was captured. The 
trace of the point of aim on the target was generated and displayed in ‘real-time' on the lap top 
computer. Upon activation of the firearm trigger, the point of impact was displayed on the 
screen. All information recorded and generated by Scatt was recorded for further analysis.  
 
Shot parameters collected by the Scatt system used to assess shooting performance were:  
(i) Whole shot score – highest whole point scoring ring touched by the shot 
(ii) Fractional shot score – highest of 10 minor rings in each point scoring ring touched 
by the shot 
(iii) Shot release time - time (seconds) taken to fire the shot once the aim of the pistol 
crosses the target 
(iv) Shot trace length – the distance measurement (millimetres) of movement of pistol 
aim across the target for a period of 1 second before the shot release (Figure 14) 
(v) Time spent in 10 point scoring ring – the fraction (percentage) of the last second 
before shot release that the pistol aim is held in the 10 point score ring 
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Figure 14 illustrates the Scatt System trace, where the green trace represents time from 5s to 1s 
before shot release, the yellow trace 1s to 0.2s before shot, the blue trace 0.2s until shot release 
while the red trace represents the follow through until aim leaves the target. The pink circle 
provides shot placement on target. 
 
Figure 14. Scatt recording of aim across the target 
 
A participant questionnaire (Appendix 4 ) was undertaken by each participant in both studies at 
the end of each simulated competition trial. The questionnaire was a series of 18 questions 
administered in order to assess changes in the perception of the participants concerning the 
mental, physical and technical aspects of pistol shooting. Participant’s experiences of that trial 
were compared against their best and worst competition performances in the previous two 
years. The numerical scale ranged from 0, indicating that the aspect was equal to their worst 
experience in the previous 2 years, up to 10, indicating that the event was equal to their best 
experience in the last 2 years.  
 
3.6 Data Analysis 
The first study, heat intervention, utilised a series of paired t-tests to determine significant 
differences between heat and control conditions for all measurements. The second study, pre-
cooling intervention (control with no pre-cooling, pre-cooling jacket and pre-cooling sleeve), 
utilised analysis of variance (ANOVA) with repeated measures to determine significant effects 
for all measurements. Statistical significance was set at p < 0.05 and data are presented as mean 
± standard deviation unless stated otherwise. When a shooting performance variable; shot time, 
time in the 10 ring, trace length, whole and fractional shot score or a physiological variable; 
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perceived thermal comfort, Tsk, Tcore or heart rate were tested between multiple time points 
within a condition a Bonferroni adjusted p value was used, α.   
To determine the α significance level the following expression was used: 
      
 
Where the α value is used it is placed as a footnote for the relevant tables of results data in 
Appendix 5 and 6. Pearson’s correlation co-efficient was completed where correlations between 
measurements were tested. All statistical tests were run using the Statistical Package for Social 
Sciences (SPSS), version 18.0.  
 
International shooting score comparison 
Given low subject numbers in this research and the impact this could have on traditional 
statistical methodologies there was a need to consider alternative methods to assess the change 
in scores caused by different interventions. A comparison against the normal score variation of 
international competitors was considered on the basis that there is a natural variation in score 
performance of international competitors in every sport; as a consequence if this variation is 
known then the difference between two test conditions could be compared to this international 
variation. If the difference between the test conditions is greater than the variation of 
international performance then it could be inferred that there is a practical difference between 
conditions. 
This international variation model was constructed by the following methodology. Data was 
obtained of all major international female 10m Air Pistol competitions for one Olympic cycle, 
2005 to 2008, which encompassed the data collection phase of this research. The female 
competition data was used to construct this model as the international competition was of 40 
shots (the same as used in this research) while the male match consists of 60 shots. The specific 
events include the four ISSF World Cups for each year, World Cup Final event each year where 
only the eight best world ranked athletes compete, World Championships and Olympic Games. 
In order to calculate the variation in competition scores, each year’s competition scores for 
every competitor in each competition for that year was collated and sorted by competitor name. 
Competitor scores were excluded if there was only one score in the calendar year. This enabled 
an average competition score and standard deviation for each competitor to be calculated for 
α = 
p 
number of time points tested 
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that year. All averaged competitor data was then pooled and where a competitor had scores in 
multiple years, each year’s data was treated as independent competitors. 
To calculate the variation in international performance across the 4 years, using the pooled data 
a mean was calculated of the average competitor scores, along with a mean of the standard 
deviation of all yearly scores.  This provided an indication of the mean average score and mean 
variation (standard deviation) of score of all competitors over the 2005-2008 period (Table 1). 
The score increase seen over the four year Olympic cycle is influenced by two factors. The first, 
as there are no Olympic quota (competitor) places to win in the year following an Olympic 
games many of the world best athletes take an opportunity to rest. Secondly, improvements to 
technique take time to become robust under competition pressure and are made prior to the 
Olympic year, resulting in a rise in scores in the fourth year as competitors peak for the Olympic 
Games.        
 
Table 1. Female international shooting score variation   
Year Mean Athlete Average Score Mean SD Competitors Competition Scores 
2005 373.9 3.3 83 211 
2006 374.8 3.3 125 380 
2007 375.2 3.7 88 242 
2008 375.9 3.5 81 260 
Combined 374.9 3.4 377 1093 
 
 
Implementation 
The result of this methodology is that over the period from 2005 to 2008 the normal 
competition variation in score between all competitors is 3.4 points. If this methodology is 
applied to an intervention and the difference in score recorded under an intervention compared 
to that under a control condition is greater than 3.4 points, the difference in scores falls outside 
the normal variation that might normally be expected between two competition scores. As a 
result it can be inferred that the intervention provided a significant effect on shooting 
performance. 
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Chapter 4.  
Heat Study 
4.1 Introduction 
Pistol shooting is a precision sport included in Olympic and Commonwealth Games with a 
World Championships held every four years. Although the 10m air pistol event is conducted 
indoors, variations in environmental conditions can exist if the shooting range is not air 
conditioned and the event is conducted at locations with warm climates. Consequently this first 
research study examined the physiological responses and the shooting performance of elite 
shooters in hyperthermic conditions. 
Physiological responses to a heated environment include the initiation of the thermoregulatory 
system in order to transfer heat from the body core to the periphery for ultimate dissipation to 
the environment. Physiological changes that make up the thermoregulatory response include; 
cutaneous vasodilation to increase the transfer of warm blood to the skin, an increased 
sweating response to aid in evaporative loss of heat to the environment, both contributing to a 
subsequent compensatory increase in heart rate (HR). Together, these mechanisms limit the 
rise in core body temperature, to prevent a potentially fatal heat stress reaction occurring. 
Heat would be expected to influence cognition and therefore may affect performance. An initial 
increased arousal in response to heat (Tikuisis, 2002, Tikuisis, 2005) has been discussed earlier, 
and this may result in an initial increase in precision and accuracy. However as hyperthermic 
exposure lengthens, perceived levels of comfort and fatigue occur along with a decreased 
performance (Pepler, 1959, Blockley, 1951) as a function of heat storage rather than exposure 
time (Simmons, 2008, Gaoua, 2011, Hancock, 1986). 
Tremor has been found to be inversely correlated with shot performance in precision sports 
and the ability to control tremor is the predominant characteristic that distinguishes elite pistol 
shooters from the non-elite. Lakie (1995) has previously reported an increased spread of shots 
across a target, an increased tremor size and a significant drop in shooting score in response to 
localised heating of the shooting arm in practiced, but non-elite shooters. While tremor was not 
measured in the current study, it was hypothesised that an increased trace length as recorded 
by the Scatt shooting system during heated conditions compared with control, may give an 
indication of increased tremor.  
The following study compared performance, physiologic parameters and perceived comfort of 
nine subjects participating in a simulated shooting competition consisting of four series of ten 
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shots under both control and hyperthermic conditions. The relatively low subject numbers may 
in some cases impact the ability of statistical methodologies to show significant change, 
however the ability to compare score differences against the international score variation, 
detailed earlier under Methods, provides a very practical and meaningful method for elite 
coaches and athletes to assess the effectiveness of interventions. 
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4.2 Results and Discussion 
Shot time 
Figure 15 displays the grouped participant shot time for the complete 40 shot match and also 
the grouped data for each of the four 10 shot series. The full data set of shot time is located in 
Table 11, Appendix 5. 
 
 
 
 
 
 
 
 
 
Figure 15. Shot time. Mean grouped shot time and each shot series for each experimental condition, heat () and 
control (). 
 
Comparison of results between individual participants showed no consistent trend in shot time 
over the whole match under the heated compared to the control conditions. There was minimal 
variation within and between series in either condition indicating that the participants were 
able to maintain the timing of their shot routines under the heated condition, though this may 
not have been predicted for the potential effect of fatigue from the heat interrupting normal 
shot routines.  
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Correlation (Figure 16) of shot time and shot accuracy, as reflected by the fractional shot score, 
was analysed and showed no link between the score achieved by a participant and the time 
taken to complete the shot, r(18) = 0.238, p = 0.34. 
 
Figure 16. Correlation of total fractional shot score and mean match shot time. 
 
Time in Ten Ring  
Grouped time in ten ring (TTR) data for all participants over the 40 shot match along with each 
ten shot series are displayed in Figure 17, and can be seen in Table 13, Appendix 5.  
 
Figure 17. Shot time in the 10 point ring. Mean grouped shot time in the 10 point ring and each shot series for each 
experimental condition, heat () and control (). 
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Comparison of results between individuals revealed that five of the nine participants recorded a 
higher TTR in heat compared to control conditions. Interestingly between the participants there 
was a large mean difference in TTR between conditions of 7.1%, ranging from 3.1% to 11.7%. 
This indicates that there may be individual variation in response to the conditions with some 
participants benefiting with an increased TTR under cooler conditions and inversely some 
benefiting from the hotter conditions.  This variation in response to the conditions ultimately 
results in a similar mean TTR throughout the 40 shot match but there appears to be greater 
consistency in control condition TTR measurements, SD  12.0%, compared to the heat 
condition, SD  17.2%.   
It may be anticipated that an increased time spent holding the aim of the pistol in the ten point 
scoring ring would benefit a shooting score. In support of this,  
Figure 18 depicts the correlation between TTR and shooting accuracy, total fractional score, 
between both conditions. Analysis demonstrated a positive and significant correlation, r(18) = 
0.857, p < 0.001.  
 
 
Figure 18. Correlation of total fractional shot score and mean match shot time in 10 ring. 
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Trace length 
Table 15 and Table 16, Appendix 5 contain trace length measurements for all participants, 
individually and grouped. Trace length, as recorded by the Scatt system, is shown in Figure 19. 
When analysing data from individual participants, 8 of 9 participants elicit a significantly lower 
mean shot trace length between 40 shots in control compared to heat conditions. 
 
Figure 19. Individual participant trace length. Mean shot trace length for individual participants for each 
experimental condition, heat () and control (), * values are significantly different between conditions. 
Figure 20 shows significant increases in mean trace length in heated conditions for shot series 1 
(137.4 ± 43.8mm), series 3 (137.7 ± 49.0mm) and series 4  (139.0 ± 43.3mm) when compared 
to the corresponding control condition values of 171.4 ± 66.4mm, 156.9 ± 54.4mm and 152.9 ± 
47.9mm, using the Bonferonni adjusted p value of p=0.0125. Trace length values for series 2 in 
control 140.2 ± 49.0mm and heat 156.1 ± 57.5mm conditions approached significance (p=0.04). 
 
Figure 20. Trace length. Mean grouped shot trace length and each shot series for each experimental condition, heat 
() and control (). * Grouped and shot series values are significantly different between conditions. 
 
  
 
46 
Comparison within the heat condition showed a significant higher (p=0.01; repeated measures 
ANOVA) trace length when series 1 was compared to series 2, while the difference approached 
significance (p=0.29 and 0.14 respectively; repeated measures ANOVA) when series 1 was 
compared to series 3 and 4. In contrast the measurements obtained for each series under 
control conditions remained consistent in mean trace length and also standard variation.  The 
mean shot trace length measured between the entire 40 shot match in control conditions, 138.5 
± 44.3mm, was significantly lower when compared to total trace length, 159.3 ± 56.2mm, 
measured in the heat (p=0.003; Student’s T-test).  
In order to assess whether increased trace length during heated conditions was associated with 
a lower total fractional point score, scatter plots were drawn (Figure 21) and the correlation 
between the two variables assessed. Pearson two-tailed correlation analysis showed a 
significant negative correlation, r(18) = 0.899, p < 0.001, indicating that a higher score was 
linked to a smaller amount of movement of aim across the target over the period of one second 
before the shot is released. In contrast it was interesting to note that correlation analysis of each 
individual shot with trace length did not prove to be significant.  
 
Figure 21. Correlation of total fractional shot score and mean match trace length. 
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Fractional point score 
Fractional point score takes into account the placement of the shot within each scoring region to 
one tenth of a point. Data displayed in Figure 22 represents the mean of each of the four ten shot 
series and the mean match series score, with all data used located in Table 17 Appendix 5. 
 
 
 
 
 
 
 
Figure 22. Fractional shot score. Mean grouped series fractional shot score and each shot series for each experimental 
condition, heat () and control (). 
Both the heated and control condition demonstrate a similar pattern where there is a sequential 
non-significant increase in score for each of the first three shot series followed by a drop in 
score in the fourth series. The first three series scores under control condition, 95.5 ± 4.2, 97.4 ± 
2.5 and 97.8 ± 2.4 are on average slightly higher than those of the heat condition, 95.4 ± 7.6, 96.6 
± 5.2 and 96.9 ± 3.7, while the last series the scores are the same, 96.3 points. The variation in 
scores, the standard deviation of the 10 shot total score of the nine participants, in contrast to 
the variation each participant has in their own individual shots, also shows a similar pattern for 
both conditions, a reduction from the first to third series, followed by an increase in variation in 
the last series. In all cases the comparison between conditions at each series shows a lower 
variation in the control condition than seen in the heat condition. As seen in trace length and 
TTR there is greater variation in the heat condition than in the control condition over the forty 
shot match.  
The grouped data in Figure 26 show small non significant increases in score for the first 3 
series. Individually these may not appear important but cumulatively the differences translate 
to a mean difference of 1.9 points between control (387.0 ± 10.6), compared to the heat 
condition (385.1 ± 19.9). Though this difference was not statistically significant it is of practical 
significance as it is larger than the difference between 3rd and 4th, and may improve a shooters 
competition ranking before the final. However, more testing with a larger N would be required 
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to substantiate this finding. The individual participant score data show that 4 of the 9 
participants scored lower in the heat condition indicating that heat adversely affects some but 
not all participants.  
 
Whole point score 
The measure of whole point score represents the placement of the shot, rounded down to the 
nearest point. Figure 23 displays scores, in Table 19 Appendix 5, for both conditions between 
each of the four shot series and also a mean series score.    
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23. Whole shot score. Mean grouped series whole shot score and each shot series for each experimental 
condition, heat () and control (). 
 
The pattern shown previously of the fractional point score (Figure 22) shows a non-significant 
increase in score over the first 3 shot series in both conditions followed by a drop in the fourth 
is also seen here in the whole point score (Figure 23). In addition, the pattern of higher score 
variation in the heat condition in every series is also evident, while variation in whole point 
scores for the individual series in the control condition remained fairly consistent, ranging 
between 2.1 to 4.2 points, and the variation in the heat condition spanned 3.9 to 7.8 points. The 
variation in whole point series score for both conditions reduces as the match progresses until 
the last series where for both conditions it increases markedly. This increased variation 
combined with reduced scores in both conditions in the last series highlights that fatigue either 
mental, physical or both, may be impacting on performance.  
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Examination of the raw data (Table 2) shows the variation is influenced markedly by participant 
3, who produced a total whole point score between the 4 series more than 20 points lower than 
any other participant in both heated and control conditions. However, while removal of this 
data set reduced the variation in total whole shot score it did not produce a significant result 
between conditions (control mean 372.5 ± 5.1 compared to heat mean 372.8 ± 10.6; student’s T 
test). 
Table 2. Participant match total whole point score  
 
 
 
 
 
 
 
The study was designed to accommodate any ‘training effect’ introducing bias into the data by 
instructing some participants to shoot in heated conditions first and some to shoot in control 
conditions first. Seven of the nine participants actually achieved a lower total score, mean 365.8, 
in the second trial when compared to the first trial, mean 370.8. This 5.0 point difference did 
approach significance when whole scores achieved by each participant in the first match 
(regardless of condition) were compared to those in the second subsequent match (paired 
student T-test p = 0.14), but this does not suggest a ‘training effect’. It may, however, suggest 
possible fatigue in trial 2, although the study was designed with a 48 hour delay between trials 
that was most likely sufficient to overcome fatigue, and the difference between trials can only be 
regarded as an erroneous result. 
The total match whole point score in the heat condition was 367.2 ± 19.3 points, 2.1 points 
lower than that of the control condition 369.3 ± 10.6 points. The third series contributed 1.6 
points, with the majority of this difference between the heat, 92.3 ± 3.9 points and the control 
conditions, 93.9 ± 2.2 points. Though the overall difference of 2.1 points does not reach 
significance it is larger than the 1.5 point difference found by Bedford et al., (2012) between the 
third and fourth placed competitors in all major female international events from 2005 to 2008.  
 Control Condition  Heat Condition 
Participant Total Score ±SD  Total Score ±SD 
1 366   358  
2 372   359  
3 344   323  
4 371   383  
5 372   370  
6 370   373  
7 372   379  
8 384   388  
9 373   372  
Grouped 369.3 10.6  367.2 19.3 
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Perceived Thermal Comfort 
Mean recorded PTC ratings for both control and heat conditions can be seen in Figure 24, with 
the data located in Table 7 Appendix 5.  
 
Figure 24. Thermal comfort. Values for each experimental condition, heat () and control (). * All values are 
significantly different between condition at each time point. 
 
Ratings upon entry to the range were initially similar under both conditions.  The control 
condition PTC ratings remained consistent throughout, showing a slight downward trend after 
the preparation time until the end of the last series of shots. In contrast, under heated 
conditions the PTC rating rose sharply after the first 30 minutes and continued to show a 
gradual increase, with all points after the intervention significantly different to the ratings at 
range entry (p<0.05; repeated measures ANOVA). Comparison of PTC showed significant 
difference between conditions at each time point after range entry (p<0.001; student T test with 
p value of 0.00625 used after the Bonferroni adjustment was applied). 
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Questionnaire of technical, physical and mental shooting components of performance 
Table 3. Participant Questionnaire data contains a summary of the questionnaire data, with the 
complete data set located in Table 4 Appendix 5. When presenting the results below, the control 
condition is detailed first followed by the heat condition. 
 
Table 3. Participant Questionnaire data 
Condition Question 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
Control 
Mean 6.6 8.2 8.2 7 6.8 6.9 7.1 7.9 7.3 5.7 6.3 7.3 6.8 7.2 7.8 7.4 6.4 7.6 
±SD 1.2 2.6 2.2 1.9 1.7 1.8 1.9 1.5 1.3 1.2 0.7 2.1 1.5 1.6 1.7 1.5 2 1.5 
 
                   
Heat 
Mean 7.7 6.6 6.1 6.9 6.3 7.4 7.2 7.4 7.4 5.7 5.7 6.8 6.9 6.8 7.1 7.1 6.4 6.9 
±SD 1.3 1.7 1.5 1.7 2.2 1.3 1.7 1.9 1.7 1.6 1.4 2.3 1.4 1.3 2.4 2.1 1.4 2.1 
 
The questionnaire results suggested that participants felt that the heat had a detrimental effect 
on some specific mental components, with a reduction in concentration in the heat condition 
(6.8  1.7 to 6.3  2.2) and an impaired ability to manage distractions in the heat (7.6  1.5 to 6.9 
 2.1). 
Physically, participants reported that it was more difficult in the heat to control the rate and 
depth of breathing (7.8  1.7 to 7.1  2.4), to control HR when required (7.9  1.5 and 7.4 1.7), 
acute vision was impeded (7.2  1.6 to 6.8  1.3) and as might be expected there was perceived 
higher sweating overall of the body (6.6  1.7 to 8.2  2.6), and specifically the hand (6.1  1.5 to 
8.2  2.2), in the heat. There were however some physical components perceived to be 
enhanced in the heat condition, including muscular strength (6.9  1.8 to 7.4  1.3) and 
perception of gun fit in the hand significantly enhanced (6.6 1.2 to 7.7  1.3, paired student T-
test, p=0.004). Perception of altered fit of the gun in the hand is a common occurrence in the 
heat as the hand tends to swell with greater peripheral blood flow. Conversely in the cold 
conditions, shooting athletes commonly complain of a perceived “loose fit” of the gun in the 
hand as the size of hand is often smaller than normal with reduced peripheral blood flow. 
Interestingly, there were some contradictions in perception and actual measurement of certain 
parameters. In the questionnaire participants reported no difference in their ability to control 
their overall body sway, their stance, triggering of their firearm, their wrist control or their hand 
tremor between conditions. An additional note was made by a participant on their 
questionnaire that as the trigger pull component of the shot is an automated, unconscious action 
  
 
52 
that occurs in response to the correct sight picture on the target, the deterioration of such a 
learned process during different conditions does not occur. The contradiction in the 
participants perceptions is evident as the actual trace length measurement was significantly 
increased (detailed later in this chapter) in the heat compared to the control condition but were 
unable to perceive this as in the questionnaire there was no significant difference in reported 
tremor between the two conditions. 
 
Skin temperature 
Mean recorded Tsk at various time points for both control and heat conditions can be seen in 
Figure 25, with the data located in Table 8 Appendix 5. Due to technical limitations no skin 
temperature data could be collected for the first 30 minutes after entering the range. 
 
Figure 25. Skin temperature time course. Values for each experimental condition, heat () and control (). * All 
values are significantly different between conditions at each time point. 
 
The minimal variation in the heated condition may not be significant as no data could be 
collected in the first 30 minutes of time spent in the range. It is likely that the skin temperature 
was similar in both conditions upon entry to the range.  
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Within the control condition, there was a small difference between the highest, 33.0 1.2C and 
lowest, 32.2  1.2C, Tsk of 0.8C, with a trend showing a very small increase throughout the 
duration of the condition. Similarly, in the heated condition the difference between the highest 
Tsk, 36.0  1.2C and the lowest, 35.3  1.1C was 0.7C, but with a peak reached during the 
preparation time, followed by a decrease in temperature during the first series, that was 
maintained throughout subsequent shot series. This may result from the body adapting after the 
initial exposure to the hot environment by increasing skin blood flow to dissipate more stored 
heat, and consequently increasing skin temperature to a level maintained for the remainder of 
the match. Analysis revealed a significantly higher mean skin temperature in the heated 
condition compared to the control condition at each time point (p<0.05, paired Student T-test). 
If the T-Test Bonferroni statistical adjustment for the p value is applied (p=0.002), Tsk values 
remain significantly different except between 105min to 120min, and 140min to 152min where 
these values approach significance, although still under the unadjusted p value.  
While the control condition Tsk remained relatively stable, exposure to the heated conditions 
engaged the body’s thermoregulatory system, initiating a steady rise in the skin temperature 
and created the almost 3.5C in difference Tsk between the conditions over the first 30 minutes.  
 
Core body temperature 
Change in Core body temperature Tcore (Tcore) from a baseline measurement collected 
immediately upon entry to the shooting range is displayed in Figure 26. Table 9 Appendix 5 
shows individual subject data 
 
Figure 26. Core body temperature time course. Values for each experimental condition, heat () and control (). * 
Values are significantly different between conditions. 
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Mean Tcore collected under control conditions showed a gradual decrease throughout the 30 
min intervention period trial of 0.2C, where the participant was seated and inactive. The 
remained of the simulated competition was completed either standing or sitting producing very 
little physiological strainand a stable Tcore throughout the remainder of the entire trial, while in 
contrast, under heated conditions subjects showed a marked increase in Tcore during the 
preparation time that continued until the end of Series 1, then stabilised until the end of series 2 
and decreased slightly until the end of the simulated competition. There is a clear divergence 
evident between conditions midway through the seated period that increases to approximately 
0.4C during the preparation time and is subsequently maintained until the end of the trial. 
There also appears to be far higher variation in Tcore readings between subjects comparing the 
heat and the control conditions. Statistical comparison between conditions using a student t-test 
(p<0.05) revealed a significantly higher Tcore at the end of the preparation time, 70min, and 
then from 85mins until the end of the simulated competition, p values are shown in Appendix 
1e. Change in Tcore at 75 and 80mins approached significance (p=0.054 and p=0.082 
respectively).  
 
Heart rate 
A mean HR was calculated from these 5s measurements for each subject between each trial 
segment and is displayed in Figure 27 as mean HR for all subjects under both conditions in each 
trial segment. HR data and statistical significance values are shown in Table 10 Appendix 5.   
 
Figure 27. Heart rate time course. Values for each experimental condition, heat () and control (). * All values are 
significantly different at each time point between conditions. 
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Figure 27 demonstrates that there is a clear elevation in HR during the heat condition when 
compared to the control at each time point. At the completion of the warm up a 12 beat per 
minute (bpm) difference is evident between conditions and this expands to approximately 
20bpm at the end of series 1 with this difference maintained until the completion of the match. 
Sharp decreases in mean heart rate were measured in both conditions during the 3min rest 
period between series, most likely caused by the cessation of competition stress. However, the 
variation in mean heart rate within the heated conditions is greater, with the difference 
between highest and lowest recorded values of 12.5bpm, whereas in control conditions, this 
difference was only 8.1bpm. In addition, in the hot conditions there appears to be a drift 
upwards in heart rate over time of approximately 10bpm compared to control conditions. This 
drift over time is also commonly seen in steady state exercise (Coyle and González-Alonso, 
2001). Closer examination of the individual participant heart rate between each shot series 
showed an oscillation in HR for each shot seen in the literature (Tremayne and Barry, 2001), a 
larger drop in heart rate prior to the shot being taken and then a commensurate rise 
immediately after the shot. Statistical analysis demonstrates that at all time points HR from 
heated conditions is higher than that in control conditions, even when the Bonferroni adjusted p 
value of 0.005 was used on the paired student T-test.  
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4.3 General Discussion 
The current study assessed the effect of heated environmental conditions on shooting 
performance in a simulated 40 shot match. Overall, an effect of environmental heat on whole 
point scores was evident, and while the effect was small it was at a level that provides a 
practical opportunity for coaches and athletes to explore avenues to overcome and change the 
outcome of shooting competitions. 
Performing in an hyperthermic environment significantly increased Tskin, significantly increased 
HR and increased sweat rates compared with control conditions suggesting that the 
thermoregulatory response was appropriately elicited during the exposure to the heated 
conditions. While HR rose within each series in both conditions, possibly due to stress and 
technique requirements such as breath holding and control of heart rate prior to taking a shot, it 
was consistent with Tremayne (2001). The increases in HR were greater in the heated 
condition, suggesting that superimposed upon the competition-induced changes in HR, were 
increases in HR as part of the thermoregulatory response. The higher heart rate is associated 
with the shunting of warm blood from the core to the periphery, where vasodilation allows the 
blood to dissipate heat to the environment. However, whether the increased cardiac output is in 
response to decreased venous return from prior vasodilation, or whether it drives movement of 
warm blood from core to periphery to aid in body cooling has not yet been firmly established. 
The physiological increase in heart rate may also have resulted in the reported difficulties of 
participants in controlling heart rate and breathing when aiming at the target. Similarly, 
participants reported greater sweating, suggesting that the sweat response to the heated 
conditions was also induced to aid in maintenance of Tcore within the observed, and previously 
reported, 0.2C fluctuation from baseline.  
Trace length, as recorded by the Scatt shooting system, provides an approximation of limb 
tremor as it measures the oscillations of the aim point of the gun across the target during the 
second prior to taking the shot. There was significantly increased mean trace length in the 
heated condition compared to the control condition in each shot series for eight of the nine 
study participants and also as a grouped data set, indicating that there was a potential effect of 
the hyperthermic conditions and the participants physiologic tremor. Between both conditions 
the trace length and fractional shot score were significantly negatively correlated, consistent 
with previous research (Lakie, 2010, Pellegrini, 2004, Pellegrini and Schena, 2005, Tang et al., 
2008, Ball et al., 2003, Mason and Pelgrim, 1986). The statistically significant increased trace 
length during performance in the heat compared to control condition in each of the four shot 
series was also mirrored in the whole shot score where the score in each of the four shot series 
from the heat condition were lower than the control condition, accumulating as a 2.1 point 
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reduction in score for the whole match. Interestingly, no marked perception of altered tremor in 
the heated condition was reported in the questionnaire. Findings by Lakie (1994) of increased 
hand tremor and decreased shot score after localised heating of the forearm close to 40C, are 
consistent with the finding in this study of an increased overall Tskin, including elevated localised 
forearm skin temperatures approaching 36.6C, with significantly increased tremor and a 
decreased whole point shot score inferring a practical decrement in shooting performance.  
It has been reported (Hancock and Vas, 2003) that heat has less of an effect on cognition in 
‘highly over learned tasks’. This is supported by this study with a participant, an Olympian and 
World Championship finalist noting that “the shooting task was so automated that there was no 
conscious decision to pull the trigger, so no conscious change was possible in the shooting 
method due to heat”. This was also consistent with Tukuisis (2006) in rifle shooting where 
minimal disruption to shooter’s routines and vigilance was seen despite the exposure to heated 
conditions. The reduced cognitive impact of heat on the highly over learned task of pistol 
shooting in this study is evident as no changes in shot time or aim time in the ten ring between 
the four shot series or as a whole match when comparing the two conditions. Interestingly 
though, participants reported decreased overall mean ratings of performance in parameters 
such as concentration, ability to manage distractions and maintenance of visual focus in heated 
conditions compared to control, coupled with reduced ratings of thermal comfort, suggesting 
that participants experienced a detrimental cognitive effect of heat and were uncomfortable, but 
were able to maintain their normal practiced routine demonstrated by unchanged shot time and 
aim point at the target.  
Overall, it can be seen from the physiological measures that the hyperthermic environmental 
conditions did induce an effective thermoregulatory response. Despite this, participants still 
reported adverse cognitive effects although this did not affect the technical routines responsible 
for shot time and aim time in the ten shot ring. However, there was a change in physiologic 
tremor seen in significantly increased trace length leading to a reduction in whole shot score, 
that if attenuated could change competition performance at elite competitions and secure a 
medal. 
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Chapter 5. 
Pre-Cooling Study 
5.1 Introduction 
The preceding study found a significantly increased shot trace length and a correlated reduction 
in match whole shot score whilst competing in hot environmental compared to thermoneutral 
conditions. This performance reduction in the heat creates an opportunity to enhance 
performance by alleviating the physiological and cognitive demands and restoring optimal 
performance. The following study compared performance, physiologic parameters and 
perceived comfort effects on seven subjects participating in a simulated shooting competition 
under one of three conditions; using either an AIS/RMIT phase change material (PCM) 
prototype pre-cooling jacket, a similarly designed pre-cooling sleeve or with no pre-cooling.  
Effects on sports performance using an extensive range of pre-cooling interventions have been 
investigated, although the focus has been mainly on endurance sports, rather than precision 
sports such as shooting. Pre-cooling strategies essentially fall into two main classes. The first 
provide their benefit by cooling the skin and providing a larger temperature gradient for 
dissipation of heat to the environment. Examples include jackets, mist fans, cool air and water 
baths. The second pre-cooling strategy cools via internal processes including intravenous saline, 
breathing cool air and ingestion of cold water.  
The AIS/RMIT pre-cooling jackets incorporate a unique substance known as a phase change 
material, which stores or provides heat at a specific temperature, 10C, to maintain the 
temperature gradient. The jacket has been extensively tested on athletes performing in 
thermally stressed environments and found to reduce rectal temperature, sweat loss and skin 
temperature in an area not covered by the cooling jacket, both before and during exercise, when 
compared to athletes using no pre-cooling intervention (Tate et al., 2008).  
In the following study participants entered the range that had been modified to create a hot 
environment. Over 30 minutes, participants undertook calibration of their firearm with the 
Scatt system and self directed warm up, and then remained seated while wearing the pre-
cooling intervention, or no intervention (control), for a 30 minute period prior to a simulated 
shooting competition.  
The sleeve condition used one sleeve from the AIS/RMIT PCM jacket to pre-cool the shooting 
arm of the subject. This was designed to be similar to the study conducted by Lakie et al., (1994) 
where a 10C water bath surrounding the shooting forearm was used for 10 minutes prior to 
 59 
 
shooting a 20 shot series. This water bath induced localised cooling resulting in a significantly 
decreased tremor and resulted in an improved shooting performance. In the present study this 
may be manifested in decreased trace length, which may contribute to better aim and ultimately 
higher scores when the pre-cooling jacket or sleeve is used when compared to the control (heat 
only) conditions. 
In both the jacket and sleeve conditions, it is expected that, as occurred in the first study, 
exposure to a hot environment for thirty 30 minutes will induce the thermoregulatory response 
with vasodilation bringing larger amounts of blood to the skin for heat exchange with the 
external environment. It is then anticipated that the application of the PCM jacket or sleeve 
would increase the temperature gradient between it and the skin enabling far more heat to be 
removed from the body than would have been the case solely with the surrounding air. The 
jacket and sleeve condition would both be expected to induce a localised reduction in muscle 
temperature on the shooting arm providing a reduction in physiologic tremor, seen as a 
reduction in trace length, and ultimately an increase in match whole point score. The pre-
cooling jacket condition is expected to lower Tcore thereby providing an increased heat storage 
capacity, which may limit the onset of fatigue and centrally mediated loss of vigilance, possibly 
manifesting in reduced shot time, increased time in the ring and ultimately, increased score 
beyond that of the pre-cooling sleeve alone.  
The relatively low subject numbers in this study may in some cases impact on the ability of 
statistical methodologies to show significant change, however the ability to compare score 
differences against the international score variation, detailed earlier in the Methods section, 
provides a very practical and meaningful method for elite coaches and athletes to assess the 
effectiveness of interventions.     
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5.2 Results and Discussion 
Shot time 
Figure 28 shows data given in Table 28 Appendix 6 of mean shot time of each ten shot series 
and also a mean of the four shot series that make up the simulated competition. 
 
Figure 28. Shot time. Mean grouped shot time and each shot series for each experimental condition, control (), pre-
cooling jacket () and pre-cooling sleeve (). 
 
Less variation occurred in shot length under controlled conditions compared to the pre-cooling 
interventions with the jacket and the sleeve between the entire 40 shot match but also between 
each of the four ten shot series. In addition, the mean time taken to complete the shot 
throughout the entire match under the control condition of 6.6s were increased by 0.4s, or 6.1% 
with the jacket and 0.5s or 7.6% with the sleeve conditions. This increase in the mean shot time 
in the pre-cooling condition compared to the control is evident between the first three shot 
series, but dissipates in the fourth series where mean shot times for all conditions are within 
0.1s of each other. The largest difference between series shot times occurs in the second series 
where the control condition, mean shot time of 6.1  1.6s is 15.1% (1.0s) lower than the sleeve, 
and 10.3% (0.7s) lower than the jacket condition.  
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Analysis of a possible correlation (Figure 29) between individual shot fractional score and 
individual shot time reveal a very low correlation, r(720) = 0.089, p < .05, but in contrast, the 
total match fractional score analysis reveals a moderate positive correlation with mean shot 
time r(18) = .558, p < .05. 
 
 
 
 
 
 
 
 
Figure 29. Correlation of total fractional shot score and mean match shot time. 
 
Time in Ten Ring 
The percentage of the last second prior to shot release that the firearm aim is held in the ten 
point score ring is referred to as time in ten ring (TTR), given in Table 30 Appendix 6 and shown 
below in Figure 30. 
 
Figure 30. Shot time in 10 point ring. Mean grouped shot time in 10 point ring and each shot series for each 
experimental condition, control (), pre-cooling jacket () and pre-cooling sleeve (). 
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Comparison of the four shot series showed that TTR was higher in each series in the jacket 
condition when compared to the corresponding series in the control condition. In series 3 and 4 
the TTR obtained under the cooling sleeve were also higher than the corresponding series 
under the control condition. The 40 shot match TTR observed under the jacket, 32.8  13.8%, 
and under the sleeve, 32.4  5.6%, conditions were both 12% and 11% respectively higher than 
observed under the control, 28.8  11.7%, condition indicating that pre-cooling, with either the 
jacket or the sleeve increases the time the aim is able to be held in the 10 point scoring ring 
prior to the shot being taken. 
It is evident that the high variation in the TTR within a condition is a contributing factor in these 
differences failing to reach significance levels, and even though mean TTR was approximately 
10% lower in this study than that in either condition in Study 1, the positive correlation 
between TTR and total fractional score is still evident in this pre-cooling study. This analysis 
indicates that there is a significant positive correlation between the score and the TTR, r(18) = 
.862, p < .001 (Figure 31). 
 
 
Figure 31. Correlation of total fractional shot score and mean match shot time in 10 point ring. 
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Trace length 
Trace length is recorded by the Scatt system over the last second before the shot was taken and 
gives an approximate indication of tremor and stability in aim at the target. Individual 
participant match and grouped series trace recordings are given in Table 33 Appendix 6 .  
Of the six participants (Figure 32) four recorded a lower match trace length in the jacket 
condition than control, with the difference significant in three of these. In contrast the sleeve 
condition shows more similarity to the trace length to the control condition with three 
participants having very similar measurements, one slightly lower and two slightly above. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 32. Individual participant trace length. Mean shot trace length for individual participants for each 
experimental condition, control (), pre-cooling jacket () and pre-cooling sleeve (). * Pre-cooling jacket values are 
significantly different to other conditions. 
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Comparison of trace length between the four shot series (Figure 33) show that in each series the 
jacket condition elicits a lower trace length than both the sleeve and the control conditions, 
Table 32 Appendix 6. 
  
 
 
 
 
 
 
 
 
Figure 33. Trace length. Mean grouped trace length and each shot series for each experimental condition, control (), 
pre-cooling jacket () and pre-cooling sleeve (). * Series 2 pre-cooling jacket value is significantly different to 
control condition, # series 1 pre-cooling jacket value compared to control condition approaches significance. 
 
The comparative trace length difference between the jacket and the control conditions reduces 
as each shot series is completed, with the difference in the first series approaching significance 
(p=0.166), 131.5  20.9mm compared to 150.9  36.4mm respectively, while in the second 
series the difference was significant (p=0.018), 135.0  22.3mm in the jacket compared to 144.8 
 20.3mm (n=6; mean ± sd, repeated measures ANOVA) in the control condition. 
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Correlation analysis of the forty shot match individual shot trace length and match total 
fractional score revealed that, as in study 1, there is a significant negative correlation (Figure 
34) between all conditions of moderate strength, r(18) = -0.562, p = 0.015. It is interesting to 
note that this correlation is predominantly influenced by the outlying data points of score above 
395 and below 365. When these values are excluded the significant correlation increases to, 
r(15) =  -0.703, p = 0.003. 
 
 
 
 
 
 
 
 
 
 
Figure 34. Correlation of total fractional shot score and mean match shot trace length. 
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Fractional score 
The data given in Table 34 Appendix 6 is displayed in Figure 35, representing the mean series 
total fractional shot score and also each the mean of the four ten shot series totals. 
 
 
 
 
 
 
 
 
Figure 35. Total fractional shot score. Mean grouped series fractional shot score and each shot series for each 
experimental condition, control (), pre-cooling jacket () and pre-cooling sleeve (). * Series 1 pre-cooling jacket 
value is significantly different to control condition. 
 
Comparing the fractional point score observed in series 1 from individual participants between 
all conditions, five of the six participants produced their best score in Series 1 under the jacket 
condition. This was not maintained as in each of the subsequent shot series the highest score for 
each participant was more evenly spread between all conditions. The jacket condition mean 
total fractional score during Series 1, 97.3± 1.9, was compared with the control conditions, 94.7 
± 1.1 and the difference was significant (p=0.006), but this difference was not evident in the 
remainder of the match shot series. This increase in score under the jacket condition in series 1 
occurs over the corresponding period that a reduction in core body and an increase in skin 
temperature occurs with an increase in aim time in the ten ring and a reduction in trace length, 
illustrating that there are possibly physiological benefits from the jacket that may transfer 
across to shooting technical and performance benefits.  
Mean match total fractional score observed over the entire match was 1.5 points higher in the 
jacket condition, 380.6 ± 13.6 than the control, 379.1 ± 10.4 and 0.7 points higher than the 
sleeve condition, 379.9 ± 4.0.  Though the higher total fractional point score under the jacket 
condition did not reach significance when compared to the control or sleeve conditions it 
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provides an indication that there may be a continuation of the increased score seen during the 
first shot series throughout the match.    
 
Whole point score 
The mean total whole point score achieved during the entire match and also between each of 
the four shot series is shown below in Figure 36 and given in Table 36 Appendix 6 . 
  
Figure 36. Total whole point score. Mean grouped series fractional shot score and each shot series for each 
experimental condition, control (), pre-cooling jacket () and pre-cooling sleeve ().  
 
The mean whole point score observed in shot series 1 following jacket pre-cooling, 93.7 ± 1.6, 
was 3.5 points higher score under both the control, 90.2 ± 2.5, and sleeve conditions 90.2 ± 2.6. 
Despite this study being conducted with small participant numbers, six, the statistical analysis 
between conditions in shot series 1 approached significance (p=0.064; repeated measures 
ANOVA) suggesting that the pre-cooling jacket contributes to an increased score when 
competing in an hyperthermic environment compared to the use of a pre-cooling sleeve or no 
intervention.  
The pre-cooling jacket intervention does not provide a performance benefit beyond the first 
shot series with scores from the jacket matching those recorded by the sleeve and control 
conditions for the remaining three shot series. This is evident as the mean of the other 3 series 
shot score for the jacket 90.0 ± 4.5, the control 89.9 ± 3.3 and sleeve 90.1 ± 2.1 conditions were 
within 0.2 points of each other.  
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It can be clearly seen that the improvement in performance during the first shot series is not 
maintained during the remainder of the match with mean total whole point score achieved by 
athletes performing in control conditions 359.8 ± 9.5, whilst with the use of the sleeve condition 
scores were 360.5 ± 4.2. Importantly, the scores recorded with the use of the jacket were 363.7 
± 14.2, providing a 3.9 point and 3.7 point increase in whole point score when compared to the 
control and sleeve respectively.  
 
Perceived Thermal Comfort 
The ratings of perceived thermal comfort are given in Table 23 Appendix 6 and shown below in 
Figure 37. On a self rating scale ranging from “0.0 Unbearably Cold” to “8.0 Unbearably Hot” 
(Young et al., 1987) perceptions of thermal comfort were similar between all groups prior to the 
period of intervention when jackets and sleeves were applied.  
 
Figure 37. Thermal comfort. Values for each experimental condition, control (), pre-cooling jacket () and pre-
cooling sleeve (). * Pre-cooling jacket value is significantly different to other conditions. 
 
Following removal of the jacket, there was a significantly positive perception of thermal comfort 
in subjects who wore the jacket (2.8 ± 0.3) compared with that of participants with no 
intervention (4.5 ± 0.6; p=0.009) or that wore the sleeve (4.3 ± 0.4; p=0.003). This improved 
thermal comfort from the jacket condition continued at a reduced level through the preparation 
time and was still evident at the end of the first shot series almost 40 minutes after the jacket 
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was removed. After 40 minutes ratings in all three conditions exhibited a gentle rise but similar 
levels of discomfort were exhibited across all conditions. 
 
Questionnaire of technical, physical and mental shooting components 
Participants completed a questionnaire (Appendix 4 ) at the completion of each simulated 
match to provide specific detail on components of technical, physical and mental skills that 
contribute to their shooting performance. In all results below the jacket condition is detailed 
first followed by the sleeve and then the control condition. Table 4 provides a summary of the 
full data set in Table 24 Appendix 6 . 
Table 4. Study 2 Participant Questionnaire data 
Condition Question 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
Control 
Mean 6.8 5.4 6.0 5.8 5.5 6.2 6.3 6.0 6.5 5.8 6.2 6.0 6.0 6.0 6.8 6.2 6.7 6.5 
±SD 1.2 2.1 1.6 0.9 1.5 1.8 0.9 1.4 0.8 0.7 0.7 1.7 1.2 0.6 1.1 1.1 1.1 1.1 
 
                   
Sleeve 
Mean 6.5 6.2 6.0 6.7 7.0 7.3 7.0 6.3 6.8 5.8 6.2 5.3 6.5 6.3 6.3 6.5 6.5 6.2 
±SD 1.6 1.6 1.4 1.6 1.3 0.9 1.2 0.7 1.1 1.1 1.1 2.8 1.6 1.6 1.1 1.3 1.5 2.1 
 
                   
Jacket 
Mean 6.5 5.8 5.5 5.0 5.3 5.7 5.3 6.5 6.0 5.5 6.2 6.5 5.5 5.0 6.3 6.0 5.2 5.7 
±SD 1.3 1.2 2 1.3 1.2 1.5 1.4 0.8 0.8 1 1.2 1 1.1 1.4 1.5 1.2 1.5 0.7 
 
The application of the jacket provided several perceived physical benefits during the match 
simulation. An overall reduction in body sweat (6.2  1.7) with the cooling jacket compared to 
sleeve (5.8  1.3) and control (5.4  2.3) was reported along with increased muscular strength 
(7.3  1.0, 5.7  1.6, 6.2  1.9) and also body sway (6.7  1.8, 5.0  1.4, 5.8  1.0). It is interesting 
to note that even though there was no difference in hand gun fit between the three conditions 
specific hand sweat was worse for the sleeve (5.5  2.2) compared to both the jacket (6.0  1.5) 
and control (6.0  1.8) conditions, possibly due to an increased awareness of the sweat response 
of the hand due to the localised skin temperature drop of the forearm from the sleeve. Possibly 
linked to this is a reported decreased perception of wrist control following pre-cooling with the 
sleeve (5.2  1.6) compared to both the jacket (6.5  1.6) and control (6.7  1.2), which is similar 
to the decreased flexion-extension movements of the wrist following pre-cooling reported in 
Lakie et al., (1994). 
As previously noted there can be an increased vigilance and alertness whilst shooting in hot 
conditions, with the potential for the cooling jacket to disrupt this enhancement if the stimulus 
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from the heat is reduced. However reported improvements in mental concentration (7.0  1.4, 
5.3  1.4, 5.5 1), alertness (6.5  1.8, 5.5  1.2, 6.0  1.3) and acute vision (6.3  1.8, 5.0  1.5, 
6.0  0.6) suggest that the jacket provides a benefit when compared to the sleeve and control 
conditions.  
Enhanced perception of some technical aspects of the shooting process was noted with the use 
of the jacket. Specifically control of shooting arm (tremor) improved (7.0  1.3) compared to the 
sleeve (5.3  1.5) and the control (6.3  1.0), as did shooting stance (6.8  1.2, 6.0  0.9, 6.5  
0.8), aiming (6.5  1.6, 5.2  1.6, 6.2  1.2) and control of heart rate (6.5  0.7, 6.3  0.7, 6.0 1.4). 
Although reported improvements in some of these technical components are small, the 
cumulative effects could provide a real reduction in the effects of heat on tremor and trace 
length reported in the earlier study, and reduce the overall impact hyperthermic conditions can 
have on whole point score. 
 
Skin Temperature 
A mean whole body skin temperature (Tsk) was calculated, as detailed earlier by Ramanathan 
(1964), with individual results shown in Table 25 Appendix 6 . Figure 38 displays the mean 
change in Tsk from a point thirty minutes after entry to the range, when the pre-cooling 
intervention is implemented until the completion of the simulated competition.  
 
Figure 38. Skin temperature time course. Values for each experimental condition, control (), pre-cooling jacket () 
and pre-cooling sleeve (). * Pre-cooling jacket and sleeve values are significantly different to control condition. 
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Immediately upon application of both the jacket and the sleeve Tsk dropped rapidly, and five 
minutes after the application a significant difference in Tsk was seen between both of the pre-
cooling and the control conditions. This drop in Tsk stabilised ten minutes after the pre-cooling 
conditions began at approximately 1.2oC below the initial baseline measurement while the Tsk of 
the control condition continued to rise. A very rapid rise in Tsk occurred once the pre-cooling 
interventions were removed and remained significantly different to control until the end of the 
competition preparation time (ten minutes after removal of the intervention) when the 
temperature difference narrowed to approx 0.3oC. Interestingly there was no significant 
difference between the mean skin temperature changes of participants wearing the jacket or 
sleeve, despite the skin temperature calculation including a measurement from the chest that 
was subject to pre-cooling during the jacket intervention but not during the sleeve intervention. 
This most likely arose from a lack of contact between the skin and jacket in the direct area 
surrounding the chest thermistor caused by the breasts and pectoral muscles pushing the phase 
change material away from the skin at the sternum and leaving this area uncooled.  
 
Core body temperature 
As detailed earlier, core body temperature (Tcore) was measured via an ingested electronic pill, 
given as a change from a baseline measure at the start of the pre-cooling condition (Table 26 
Appendix 6 ) 30 minutes after entry to the range, results are shown in Figure 39. 
 
Figure 39. Core body temperature time course. Values for each experimental condition, control (), pre-cooling 
jacket () and pre-cooling sleeve (). Pre-cooling value compared to ^ control and # pre-cooling sleeve values 
approach significance. 
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Interestingly, as was found in study 1 (Figure 26) under heated conditions, subjects with 
exposure to only the hyperthermic environment, which is essentially the control condition in 
the present study, showed a relatively stable Tcore for the first 70 minutes followed by a 
consistent upward trend in mean Tcore until the end of the first shot series. After the end of the 
first shot series, the Tcore stabilised and was consistent for the remainder of the match. In this 
study the sleeve condition displayed similar levels and trend throughout the entire simulated 
competition indicating that there was negligible benefit in measured Tcore derived from the 
cooling sleeve. In contrast, compared to the control and sleeve condition participants who wore 
the pre-cooling jacket maintained a lower Tcore for 30 minutes, including a 20 minute period 
where Tcore remained stable at the same level as the start of the pre-cooling intervention. Over 
this period of reduced Tcore in the jacket condition the difference approaches significance and 
indicates that the pre-cooling jacket is effective in delaying the rise in Tcore caused by exposure 
to hyperthermic conditions.     
 
Heart rate 
The mean HR measured over each segment of the simulated competition trial is given in Table 
27 Appendix 6 and shown below in Figure 40. The HR patterns for all conditions shown in 
Figure 40 are similar and consistent with the HR patterns shown previously in Figure 27 as a 
part of the initial heat study.  
 
 
Figure 40. Heart rate time course. Values for each experimental condition, control (), pre-cooling jacket () and pre-
cooling sleeve (). 
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All trials in both studies show a drop in HR during either the intervention or seated period most 
likely due to the reduction in activity following the 30 minute warm up period. Overall HR 
continued to rise slightly throughout the remainder of the study albeit punctuated by the sharp 
troughs coinciding with the three minute rest period between shot series and rises throughout 
each series. 
The measured HR over the intervention of the jacket condition, 75.3  9.1 beats per minute 
(BPM) was lower when compared to the control, 79.8  10.1 and the sleeve 80.5  15.8 
conditions. Although this was did not reach a significant level the combined reductions in Tcore, 
Tsk and HR could indicate that there may be a reduction in physiological load on the participant 
from an effective pre-cooling intervention. At the completion of shot series 1 this slight 
reduction in HR is no longer apparent, similarly seen with skin temperature and core body 
temperature, all three conditions data are closely matched until the end of the fourth series.  
 
International Variation Comparison 
In order to provide context to the results seen in this study a methodology was needed to 
compare changes in scores against the normal variations seen in athlete international shooting 
performance. This context would then provide a meaningful assessment tool for the national 
coach and athletes to assess whether a change in performance due to an intervention was 
worthwhile considering. As detailed earlier, the variation in international performances was 
calculated and showed that competitors’ scores vary as much as 3.4 from one competition to the 
next between all environmental conditions. Whilst wearing the AIS/RMIT PCM pre-cooling 
jacket a 3.9 point increase in simulated competition shooting performance was observed in the 
heat compared to control conditions. Given this change is greater than the normal variation in 
international competition performance it can be inferred that the increase in performance 
attributed to the pre-cooling jacket may have a practical impact worthy of consideration in 
plans when hot conditions are expected for competitions. 
In addition to the performance benefit in a forty shot competition, there may be a subsequent 
benefit once a competitor has progressed from the qualifying to the final where medals are 
decided. Once the top 8 competitors are decided from the qualifying an additional ten shots are 
completed and added onto the qualifying score to decide on the final placing and three 
medalists. There is time preceding the 10m air pistol final to implement the pre-cooling jacket 
intervention as used in this study. These ten final shots are scored using the fractional point 
score method and given there was a significant increase in total fractional point score over the 
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first 10 shot series of 2.6 points there is a possibility of a cumulative benefit over the qualifying 
match and final of 6.0 points.     
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5.3 General Discussion 
The current study investigated whether application of pre-cooling aids consisting of either the 
AIS/RMIT PCM jacket or sleeve could improve shooting performance in hot conditions. Overall, 
there was an initial benefit from the cooling jacket, with a significantly increased fractional shot 
score in the first shot series compared to the corresponding control series. Although not 
significant, Tcore was lower until the end of the first shot series following application of the jacket 
compared to control conditions. There was a significantly better reported thermal comfort level 
until the end of shot series 1, and at the conclusion of the study, shooters reported improved 
cognitive parameters and physical control of movement after wearing the jacket compared to 
control conditions. Trace length was reduced and shot time was increased in the first two series 
following application of the cooling jacket compared to control. Thus, it appears that, while 
short lived, there was a significant physiological, cognitive and technical benefit that 
accompanied the increase in score associated with shooting in hot conditions following pre-
cooling with the AIS/RMIT PCM jacket. 
In contrast, there was minimal benefit from application of the cooling sleeve in hot conditions, 
with no apparent effect on trace length or shot score. Application of the sleeve did, however, 
appear to increase the care taken to place the shot, as borne out by the increased shot times and 
aim time in the ten ring compared with control condition. The lack of benefit of the pre-cooling 
sleeve on trace length or score is in contrast to results reported by Lakie (1984), who saw a 
significantly decreased tremor and an accompanying improved grouping of shots following 
localised pre-cooling of the shooting arm. However, the current study differs from that of Lakie 
in the following ways - i) the subjects in the current study were classified as elite, whereas those 
of Lakie were novices who had only undertaken several training sessions; ii) following the pre-
cooling intervention, the current study comprised a 15 minute preparation and warm up time 
and four series of ten shots over 77 minutes, whereas that of Lakie comprised 20 shots over a 
20 minute time period only; iii) a shooting distance of only 8m was used by Lakie in contrast to 
the Olympic distance of 10m in this research iv) cooling during the Lakie study occurred by 
immersing the shooting arm in a 10C water bath for 10min and attained skin temperatures as 
low as 22C, which were still 4C below usual skin temperature at the end of the shooting 
session whereas the sleeve used in this study only attained a lowest localised forearm temp of 
27C, which rebounded to the same level as the control (no pre-cooling) by the start of the first 
shot series. While similar shooting results to that of Lakie may potentially be achieved using the 
sleeve in a pre-cooling period closer to the start of the first shot series, the reported lesser 
control of wrist and shooting arm steadiness and concentration suggest that this intervention 
may not be favorable. 
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In the previous study it was found that HR increased in response to the heated environment, 
presumably as part of the thermoregulatory response elicited in response to information 
received by thermoreceptors. However, in the current study, the application of either the 
cooling jacket or sleeve did not significantly reduce the heart rate compared with control after 
the jacket was removed. This suggests that, despite local thermoreceptors registering low skin 
temperature measurements during the intervention this did not attenuate the increased cardiac 
output that is associated with induction of the thermoregulatory response. Together, these 
responses and the increased gradient between core and periphery that was provided by the 
cooling jacket, created a substantially reduced Tcore in participants who had worn the jacket 
compared with control and sleeve conditions during shot series 1 and while non significant, this 
lowered Tcore compared with sleeve and control was maintained until approximately the end of 
series 1. 
Overall, whist shooting in the heat performance improved in the first shot series with the 
cooling jacket condition and this was maintained over the whole match. The reported 
preservation of usual shooting technique by participants in the questionnaire and increased 
thermal comfort compared to control heated conditions, suggests that the cooling jackets may 
warrant further individual athlete investigation when competing in hot conditions for precision 
sports such as pistol shooting. 
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Chapter 6.  
Conclusions and Future Work 
The professionalism of athletes competing at international level has increased over recent years 
with the margins between them reducing.  Coaches and support staff are increasingly looking 
outside of the normal training methodologies to improve performance; recent attention has 
focused on providing a competitive edge through the application of science. A current area of 
research is the application of cooling aids to enhance natural thermoregulatory processes when 
events are held in hot climates. The bulk of research has been performed in endurance sports, 
where an initial lowering of Tcore does appear to increase the time before a critical Tcore seems to 
coincide with an attenuated work rate is reached (Marino, 2002).  
In contrast, limited research has been performed on the use of these pre-cooling aids in 
precision sports such as pistol shooting. While pistol shooting events are generally held in 
indoor ranges, hot environmental conditions could become a factor in performance if the range 
were not air conditioned. Environmental heat has previously been shown to affect cognition 
(Razmjou, 1996, Blockley and Lyman, 1951, Blockley and Lyman, 1950), limb control (Cheung, 
2008, Rutkove et al., 1997), including tremor (Lakie et al., 1995), and thermal comfort (Young et 
al., 1987), which may disrupt usual practiced routines of elite shooters. Furthermore, 
thermoregulatory responses to protect the rise of the Tcore may increase heart rate, presenting 
difficulties with control of heart rate and breathing prior to taking a shot, and in addition 
sweating may be induced affecting grip on the firearm. 
The first study here investigated the effect of a heated environment on the shooting 
performance and various physiological, cognitive and shooting parameters of nine elite pistol 
shooters competing in a simulated 40 shot match compared to control normothermic conditions. 
Under these environmental conditions, shooters experienced a significant increase in skin 
temperature and heart rate, presumably as part of the thermoregulatory response, which 
includes vasodilation and increased heart rate to remove heat from the core, and an increase in 
Tcore that was approaching significance under heated conditions compared to control conditions. 
There was a reduction to shot score, a significant increase in trace length and reduced 
perception of thermal comfort, suggesting that pre-cooling strategies may be of benefit to 
counteract these effects on pistol shooters.  
Pre-cooling aids that have previously been used in endurance sports including cold water 
ingestion, intravenous saline, immersion in water baths or use of water mists or cool air, 
reviewed in Quod (2006). However, to be able to be used in a practical setting, a cooling aid 
needs to be easily transportable in a cold state, easy to apply in a minimum time period and 
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create minimal disruption to an athlete’s practiced routines. The AIS/RMIT PCM jacket provide 
all these benefits and have been shown to reduce rectal temperature, sweat loss and skin 
temperature both before and during exercise, when compared to athletes using no pre-cooling 
intervention (Tate, 2008). 
Subsequently, the second study in this thesis examines the benefit of applying the pre-cooling 
jacket, or simply one jacket sleeve to the shooting arm, for 30mins, compared to control of no 
intervention, prior to competing in the simulated match in hot environmental conditions. There 
was no benefit in score seen following application of the cooling sleeve, nor in reports of 
reduced wrist control, arm steadiness and concentration suggesting that this pre-cooling aid is 
unsuitable for further investigation. 
In contrast, application of the cooling jacket resulted in a significantly increased fractional score 
in the first shot series, when compared to scores obtained under the control conditions. This was 
coupled with a significantly improved perception of thermal comfort, and more favorable 
reports of control of body sway, concentration, alertness, muscular strength, control of shooting 
arm and effect of sweating compared to control heated conditions. In addition, the jacket 
resulted in a transient significant decrease in skin temperature compared to control, which may 
increase the temperature gradient to aid in removal of heat from the body to the surrounding 
environment, resulting in a decreased Tcore throughout the first shot series. 
Although the benefits from application of the pre-cooling jacket prior to competing in a heated 
environment seen in this study were somewhat short lived, lasting until the end of the first 
series of the match, or about 35 mins, this technology may still be of merit in aiding shooting 
performance. The application of the cooling jacket for 30mins was chosen somewhat arbitrarily, 
as it easily fitted in with the usual pre match preparation schedule of many of the athletes in the 
Australian team. There is considerable literature on different pre-cooling methods and the 
appropriate length of time required for pre-cooling interventions to see a benefit in endurance 
sports, but no literature is available for precision sports. Furthermore there is no literature 
available on whether a subsequent cooling intervention of a shorter duration (i.e. a ‘top up’) may 
elicit the same benefits. The nature of this simulated shooting competition, with only a 3min rest 
between series, may make it difficult to include another pre-cooling intervention, but there are 
other shooting events such as sport pistol or rapid fire with a longer break between match 
components, which may show a benefit of subsequent interventions. In addition to this, many of 
the shooting events have a qualifying period several hours before the final is conducted to 
decide the medals, so potentially pre-cooling could be used for both the qualification and also 
the final providing a double benefit.  
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In addition, the benefits of the pre-cooling jacket shown in these studies may provide benefit in 
other precision sports, such as archery, which is made up of many knock out rounds allowing 
subsequent pre-cooling interventions between each round. They are also usually held outside 
where environmental conditions may be much more extreme. In future research exploring 
individual responses to the effects of hot conditions including considering if they are the largest 
responders to pre-cooling interventions. Recent literature has also examined the benefit of a 
pre-cooling method using ice slurry drinks, alone (Siegl, 2010) and in combination with the 
AIS/RMIT pre-cooling jacket (Ross, 2002) and shown promising results. It could be worthwhile 
investigating the combination of an ice slurry ingestion while wearing a cooling jacket over the 
trialed thirty minute intervention to provide a greater decrease in Tcore that lasts over a longer 
period of time. In addition a ‘top up’ using an ice slurry drink during the 3 min rest period 
between shot series could extend the duration of the benefit on performance beyond the first 
shot series.  
Overall, the results of the two studies here show that environmental heat may affect athlete 
comfort and limb control altering shooting performance. Application of a pre-cooling jacket 
significantly improved trace length and perceived thermal comfort compared to control 
conditions of a heated environment, and improved overall shooting score performance 
providing one of the few evidence-based studies for the inclusion of a pre-cooling strategy in 
precision sports. 
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Appendix 3 - Thermal Comfort Scale 
 
Scale Thermal Sensations 
0.0 Unbearably Cold 
0.5  
1.0 Very Cold 
1.5  
2.0 Cold 
2.5  
3.0 Cool 
3.5  
4.0 Comfortable 
4.5  
5.0 Warm 
5.5  
6.0 Hot 
6.5  
7.0 Very Hot 
7.5  
8.0 Unbearably Hot 
 
Thermal Comfort Scale (Young et.al., 1987) 
 
 
 
 
  
 
97 
Appendix 4 – Participant Questionnaire 
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Appendix 5 – Study 1 Raw Data Tables 
 
 Table 5. Participant details. 
Date Participant Sex Height Weigh
t 
Age 
26/10/06 1 M 180.2 76.2 47.1 
27/10/06 2 F 169.0 62.5 44.2 
27/10/06 3 F 160.9 64.1 36.3 
26/10/06 4 F 157.0 68.4 43.2 
27/10/06 5 M 179.2 96.8 47.8 
27/10/06 6 F 156.0 81.8 30.3 
26/10/06 7 F 183.7 115.1 43.4 
26/10/06 8 M 156.6 66.0 19.4 
26/10/06 9 F 167.5 74.1 42.8 
  Mean 167.8 78.3 39.4 
  SD 10.4 16.4 9.3 
Table 6. Air temperature measurements 
  26/10/06 27/10/06 28/10/06 29/10/06 
Time Point Time Temp oC Humidity RH% Temp oC Humidity RH% Temp oC Humidity RH% Temp oC Humidity RH% 
Entry to range 0 36.8 24.2 18.2 44.3 17.2 47.6 34.6 28.6 
  15 36.1 25.1 18.4 44.8 17.2 44.5 34.0 29.2 
  30 36.7 23.9 18.5 45.6 19.0 43.0 35.5 27.3 
  45 35.5 26.4 18.6 44.1 18.9 43.3 36.4 26.2 
Start Prep time 60 36.1 24.4 18.5 43.6 19.1 44.5 37.4 26.5 
Comp start 75 36.0 29.0 18.3 44.9 19.2 42.9 35.5 27.6 
Shot 8 – Series 1 90 36.2 26.7 18.5 47.0 19.4 44.5 36.4 26.4 
Shot 5 – Series 2 105 36.2 26.5 18.4 46.7 19.0 42.4 37.8 26.5 
Shot 2 – Series 3 120 36.2 25.9 18.1 50.5 18.9 41.8 37.1 27.6 
Start of Series 4 135 36.1 27.9 18.1 51.1 18.9 41.8 36.4 25.5 
Shot 8 – Series 4 150 34.5 32.7 18.6 52.4 18.9 47.9 37.4 25.6 
Mean 36.0 26.6 18.4 46.8 18.7 44.0 36.2 27.0 
SD 0.6 2.6 0.2 3.1 0.8 2.1 1.2 1.2 
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Table 7. Participant thermal comfort data 
 
 Control Condition - Participant  Heat Condition - Participant 
Time (min) 1 2 3 4 5 6 7 8 9 Mean ±SD  1 2 3 4 5 6 7 8 9 Mean ±SD 
0 3 3 3 3.5 3 3.5 4 3 3 3.22 0.36  4 3 4 5 3 4 2 3 4 3.56 0.88 
30 3.5 3 3 5 3.5 3.5 4 4 3 3.61 0.65  6 4 5.5 5 5.5 5.5 5.5 7 5 5.44 0.81 
60 3.5 2.5 2.5 5 3.5 3.5 3.5 4 2 3.33 0.90  6.5 4 6 5.5 5.5 5.5 6 7 6 5.78 0.83 
75 4 3 3 5 3.5 3.5 5 3.5 2 3.61 0.96  6.6 4 6 6 6 6 7 7 5.5 6.01 0.91 
92 4 3 2.5 5 3.5 3 5 3 2 3.44 1.04  7 5 6 6 6 6 7 7 5.5 6.17 0.71 
112 4 3 2 3 4 2 3 3.5 2 2.94 0.81  6 5 7 5.5 6 6 7 7 5.5 6.11 0.74 
132 4 3 2.5 3 4 2 3 3.5 2 3.00 0.75  6.6 5.5 6 5.5 6 6 7 7 5.5 6.12 0.61 
152 4 3 2 2.5 4 2 4 3 1 2.83 1.06  7 6 6 6 6 6 7 7 5.5 6.28 0.57 
 Control Condition - Participant  Heat Condition - Participant 
Question S1 S2 S3 S4 S5 S6 S7 S8 S9 Mean ±SD  S1 S2 S3 S4 S5 S6 S7 S8 S9 Mean ±SD 
1 7 5 8 5 7 7 8 7 5 6.6 1.2  6 8 8 7 6 10 8 7 9 7.7 1.3 
2 9 3 10 5 7 10 10 10 10 8.2 2.6  3 7 6 7 6 8 6 7 9 6.6 1.7 
3 7 5 10 6 6 10 10 10 10 8.2 2.2  4 5 7 7 4 7 6 7 8 6.1 1.5 
4 7 7 9 5 6 4 7 10 8 7.0 1.9  7 7 6 7 5 4 8 9 9 6.9 1.7 
5 6 9 8 4 6 5 7 9 7 6.8 1.7  2 8 7 8 5 4 7 7 9 6.3 2.2 
6 6 6 9 5 5 6 8 10 7 6.9 1.8  7 7 6 7 7 6 8 10 9 7.4 1.3 
7 8 9 8 5 6 5 8 10 5 7.1 1.9  9 7 5 7 6 5 8 10 8 7.2 1.7 
8 7 9 8 6 7 6 8 10 10 7.9 1.5  8 7 6 8 4 6 8 10 10 7.4 1.9 
9 7 8 8 6 6 7 8 10 6 7.3 1.3  5 7 8 7 6 6 9 10 9 7.4 1.7 
10 6 7 7 5 6 4 7 4 5 5.7 1.2  5 7 4 6 5 4 9 5 6 5.7 1.6 
11 6 7 7 5 6 6 7 7 6 6.3 0.7  6 7 4 7 5 4 7 4 7 5.7 1.4 
12 7 5 6 6 5 10 10 7 10 7.3 2.1  8 7 6 8 5 2 8 7 10 6.8 2.3 
13 7 8 8 5 6 7 8 4 8 6.8 1.5  5 8 8 7 6 5 7 7 9 6.9 1.4 
14 6 9 10 5 6 7 8 6 8 7.2 1.6  6 7 8 7 5 5 7 7 9 6.8 1.3 
15 7 8 9 6 5 7 8 10 10 7.8 1.7  2 7 8 7 6 6 8 10 10 7.1 2.4 
16 7 8 9 5 6 7 8 10 7 7.4 1.5  3 7 7 7 5 8 8 10 9 7.1 2.1 
17 8 8 8 5 6 3 8 4 8 6.4 2.0  7 7 7 6 6 5 7 4 9 6.4 1.4 
18 7 8 8 5 6 7 9 10 8 7.6 1.5  7 4 9 7 6 4 6 10 9 6.9 2.1 
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Table 8.  Participant change in skin temperature measurements (oC). 
Measurements from subjects 7 and 9 were excluded as one site reading was faulty for the control condition. During the 30 minutes in the range no skin temperature data 
was able to be recorded due to a technical issue with the range set up that was unable to be rectified. 
 
If the Bonferroni adjusted paired T test p value of 0.0016 is used, the above differences between conditions were not significantly different when taken at the same time 
points. 
 Control Condition - Participant  Heat Condition - Participant 
Time (min) 1 2 3 4 5 6 8 Mean ±SD  1 2 3 4 5 6 8 Mean ±SD 
30 32.18 31.40 30.90 33.91 33.65 31.54 32.05 32.23 1.14  36.47 34.60 36.21 35.92 35.19 35.11 34.82 35.48 0.72 
35 31.95 31.58 31.37 33.97 33.75 31.63 32.12 32.34 1.07  36.75 34.74 36.54 36.11 35.32 35.54 34.80 35.69 0.84 
40 32.01 31.61 31.26 33.78 33.68 31.74 32.57 32.38 1.01  36.57 34.84 36.50 36.04 35.26 35.65 34.77 35.66 0.82 
45 31.91 31.61 31.22 33.72 33.71 31.82 32.39 32.34 1.00  36.48 34.78 36.28 36.24 35.12 35.52 34.59 35.57 0.81 
50 31.91 31.69 31.00 33.75 33.77 31.31 32.08 32.22 1.11  36.63 34.87 36.05 35.99 35.12 35.53 34.74 35.56 0.76 
55 31.94 31.77 31.06 33.93 33.77 31.33 32.06 32.26 1.14  36.70 34.94 36.14 35.97 35.05 35.51 34.78 35.58 0.74 
60 32.11 31.88 31.11 33.79 33.76 31.07 31.92 32.23 1.13  37.12 35.17 36.81 36.37 35.26 35.41 34.73 35.84 1.05 
65 32.02 31.85 31.12 33.71 33.70 30.77 31.89 32.15 1.15  37.13 35.10 36.60 36.20 35.58 35.64 35.10 35.91 1.08 
70 32.11 31.93 31.25 33.63 33.86 30.64 31.90 32.19 1.18  37.08 35.07 36.88 36.28 35.78 35.88 35.03 36.00 1.18 
75 32.31 32.05 31.54 33.79 33.86 30.62 32.18 32.33 1.17  37.02 34.98 36.81 36.07 36.02 36.19 33.98 35.87 0.94 
80 32.53 32.05 31.53 33.81 33.98 30.59 32.46 32.42 1.20  37.00 35.03 37.17 36.31 35.90 36.23 33.83 35.92 1.19 
85 32.46 32.16 31.59 33.92 34.08 30.42 32.20 32.40 1.28  36.86 34.57 37.01 36.25 35.77 35.88 33.35 35.67 1.30 
92 32.41 32.30 31.57 33.98 34.25 30.59 32.76 32.55 1.28  36.67 35.04 36.86 36.12 35.48 35.58 32.71 35.49 1.24 
95 32.42 32.38 31.74 33.97 34.20 30.91 32.64 32.61 1.16  36.50 34.79 36.55 35.22 35.05 35.62 33.48 35.32 1.07 
100 32.35 32.29 31.67 33.78 34.13 30.97 32.94 32.59 1.12  36.60 34.88 36.47 35.32 35.16 35.61 32.98 35.29 1.08 
105 32.35 32.22 31.67 33.77 34.15 30.90 33.08 32.59 1.15  36.39 34.88 36.48 35.31 35.34 35.60 33.15 35.31 1.02 
112 32.43 32.39 31.87 33.77 34.29 30.93 32.84 32.65 1.13  36.51 34.88 36.43 35.63 35.51 35.59 33.00 35.36 1.05 
115 32.34 32.41 31.83 33.82 34.34 30.90 32.81 32.64 1.16  36.56 35.02 36.35 35.73 35.30 35.72 34.19 35.55 0.79 
120 32.28 32.21 31.83 33.79 34.24 30.84 32.79 32.57 1.16  36.55 34.83 36.40 35.54 35.34 35.73 33.85 35.46 0.86 
125 32.33 32.26 31.78 33.76 34.15 30.63 32.55 32.49 1.19  36.72 34.67 36.84 36.23 35.82 35.76 33.75 35.68 1.06 
132 32.25 32.59 31.95 33.84 34.41 30.88 32.51 32.63 1.18  36.50 35.06 36.79 36.34 35.61 35.53 33.71 35.65 0.99 
135 32.37 32.63 31.92 33.92 34.36 30.87 32.37 32.63 1.18  36.41 34.71 36.58 36.27 35.61 35.74 33.97 35.62 0.94 
140 32.25 32.52 31.87 33.83 34.23 30.77 32.73 32.60 1.17  36.54 34.59 36.67 36.32 35.64 35.89 33.76 35.63 1.05 
145 32.42 32.58 31.90 33.88 34.31 30.80 32.46 32.62 1.18  36.72 34.49 36.38 36.24 35.49 35.91 33.88 35.59 1.02 
152 32.38 32.58 32.18 33.75 35.16 31.49 33.10 32.95 1.21  36.60 34.43 36.57 36.35 35.19 35.42 33.50 35.44 1.08 
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Table 9. Participant change in core body temperature (oC). 
Measurements from subjects 4, 6 and 9 were excluded due to faulty pill measurements in either trial condition 
 Control Condition - Participant  Heat Condition - Participant 
Time (min) 1 2 3 5 7 8 Mean ±SD  1 2 3 5 7 8 Mean ±SD 
Range Entry 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 -0.05 -0.02 -0.02 -0.06 0.06 0.01 -0.01 0.04  0.11 0.11 0.03 0.00 0.00 0.00 0.02 0.04 
10 -0.10 -0.08 -0.08 -0.16 0.08 -0.03 -0.06 0.08  0.17 0.17 -0.04 -0.01 -0.01 0.00 0.02 0.08 
15 -0.16 -0.15 -0.05 -0.23 0.10 0.24 -0.04 0.18  0.14 0.14 -0.05 -0.03 0.00 -0.01 0.01 0.07 
20 -0.23 -0.18 -0.02 -0.33 0.16 0.27 -0.05 0.23  0.11 0.11 -0.12 -0.05 -0.03 -0.03 -0.02 0.08 
25 -0.30 -0.23 0.00 -0.46 0.18 0.09 -0.12 0.25  0.10 0.10 -0.01 -0.05 -0.03 0.00 0.01 0.06 
30 -0.41 -0.29 -0.02 -0.36 0.23 0.01 -0.14 0.25  0.08 0.08 0.01 -0.06 -0.06 -0.09 0.00 0.08 
35 -0.45 -0.33 -0.09 -0.16 0.20 0.43 -0.07 0.33  0.09 0.09 0.09 0.05 0.02 -0.16 0.03 0.10 
40 -0.48 -0.30 -0.07 0.04 0.20 0.41 -0.03 0.33  0.08 0.08 0.06 0.06 0.03 -0.24 0.02 0.13 
45 -0.55 -0.30 -0.03 0.05 0.06 0.30 -0.08 0.30  0.12 0.12 0.10 0.11 0.09 -0.23 0.05 0.13 
50 -0.51 -0.32 -0.06 0.00 0.06 0.25 -0.10 0.27  0.13 0.13 0.06 0.14 0.16 -0.24 0.05 0.15 
55 -0.60 -0.34 -0.08 0.06 0.00 0.19 -0.13 0.29  0.09 0.09 0.10 0.12 0.16 -0.24 0.04 0.14 
60 -0.69 -0.40 -0.09 0.09 -0.05 0.19 -0.16 0.32  0.09 0.09 -0.03 0.09 0.21 -0.10 0.05 0.11 
65 -0.66 -0.37 -0.29 -0.11 -0.05 0.19 -0.21 0.29  0.09 0.09 -0.01 0.09 0.26 -0.07 0.07 0.11 
70 -0.69 -0.34 -0.19 -0.12 -0.10 0.19 -0.21 0.29  0.19 0.19 0.01 0.19 0.43 -0.05 0.15 0.17 
75 -0.70 -0.29 -0.23 -0.05 0.01 0.13 -0.19 0.29  0.20 0.20 0.01 0.16 0.36 -0.04 0.15 0.14 
80 -0.68 -0.26 -0.23 0.11 0.17 0.13 -0.13 0.33  0.23 0.23 0.02 0.19 0.47 0.02 0.19 0.17 
85 -0.70 -0.25 -0.16 0.03 0.13 0.17 -0.13 0.33  0.24 0.24 0.14 0.21 0.45 0.12 0.24 0.12 
92 -0.66 -0.25 -0.18 -0.02 0.14 0.19 -0.13 0.31  0.26 0.26 0.09 0.25 0.54 0.27 0.29 0.14 
95 -0.69 -0.31 -0.23 -0.03 -0.11 0.26 -0.18 0.31  0.19 0.19 0.08 0.29 0.40 0.13 0.23 0.12 
100 -0.74 -0.29 -0.23 -0.10 -0.16 0.27 -0.21 0.33  0.18 0.18 0.09 0.31 0.45 0.26 0.27 0.13 
105 -0.73 -0.29 -0.25 -0.13 -0.14 0.28 -0.21 0.32  0.20 0.20 0.04 0.31 0.43 0.32 0.28 0.14 
112 -0.70 -0.28 -0.22 0.13 -0.22 0.31 -0.16 0.35  0.17 0.17 0.01 0.33 0.58 0.35 0.31 0.20 
115 -0.68 -0.33 -0.27 -0.02 -0.33 0.29 -0.22 0.33  0.16 0.16 -0.04 0.27 0.63 0.26 0.28 0.22 
120 -0.67 -0.33 -0.28 -0.07 -0.30 0.31 -0.22 0.32  0.18 0.18 -0.16 0.29 0.66 0.22 0.27 0.27 
125 -0.66 -0.41 -0.27 -0.05 -0.30 0.31 -0.23 0.33  0.17 0.17 -0.15 0.31 0.36 0.23 0.22 0.20 
132 -0.62 -0.41 -0.31 0.05 -0.26 0.29 -0.21 0.33  0.18 0.18 -0.16 0.34 0.38 0.09 0.21 0.22 
135 -0.59 -0.39 -0.32 0.05 -0.23 0.23 -0.21 0.30  0.15 0.15 -0.19 0.37 0.40 0.04 0.20 0.24 
140 -0.54 -0.48 -0.31 0.03 -0.22 0.26 -0.21 0.31  0.13 0.13 -0.24 0.39 0.40 0.12 0.20 0.26 
145 -0.47 -0.50 -0.28 0.07 -0.15 0.23 -0.18 0.29  0.13 0.13 -0.23 0.38 0.54 0.08 0.22 0.28 
152 -0.54 -0.44 -0.29 0.07 -0.08 0.22 -0.18 0.30  0.10 0.10 -0.26 0.36 0.53 0.05 0.20 0.29 
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Table 10. Participant heart rate (bpm). 
Measurements from subjects 6 and 9 were excluded due to technical issue with heart rate monitors. 
 Control Condition - Participant  Heat Condition - Participant 
Time (min) 1 2 3 4 5 7 8 Mean ±SD  1 2 3 4 5 7 8 Mean ±SD 
Warm up – 0-30 90 76 75 94 81 82 89 83.9 1.7  103 84 98 94 90 101 102 96.0 5.3 
Rest – 30-60 77 71 72 84 76 69 83 76.0 7.3  101 84 105 96 91 76 97 92.9 7.0 
Preparation – 60-
75 
81 73 73 85 84 83 87 80.9 0.4  112 88 109 98 101 101 104 101.9 3.3 
Series 1 – 75-92 88 79 75 83 88 82 86 83.0 5.8  121 94 113 99 107 102 103 105.6 10.1 
Rest 1 – 92-95 83 76 69 78 83 77 84 78.6 5.3  109 94 97 99 101 91 95 98.0 5.9 
Series 2 – 95-112 85 83 76 81 89 85 87 83.7 1.1  123 97 107 98 105 109 102 105.7 7.8 
Rest 2 – 112-115 83 84 76 75 87 72 81 79.7 5.5  113 89 96 94 100 93 96 97.3 7.7 
Series 3 – 115-132 83 88 79 80 91 87 87 85.0 5.7  124 96 105 97 106 110 102 105.7 7.8 
Rest 3 – 132-135 83 84 74 76 91 89 83 82.9 6.2  112 90 95 94 99 99 102 98.7 7.1 
Series 4 – 135-152 83 89 75 79 90 91 86 84.7 0.4  120 93 103 101 102 112 102 104.7 1.0 
 
Table 11. Participant mean series shot time (s). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Control Condition  Heat Condition 
 Series 1 Series 2 Series 3 Series 4  Series 1 Series 2 Series 3 Series 4 
Participant Time ±SD Time ±SD Time ±SD Time ±SD  Time ±SD Time ±SD Time ±SD Time ±SD 
1 10.74 3.37 13.69 4.48 11.79 2.88 12.29 4.99  10.44 3.12 10.72 3.60 10.16 3.24 13.36 2.21 
2 6.59 1.39 5.39 1.31 5.61 1.38 5.28 1.18  6.84 1.24 5.60 1.38 6.53 1.50 5.84 1.47 
3 6.82 2.17 8.34 2.44 7.34 1.10 8.29 2.34  5.63 2.04 5.79 1.61 6.16 1.86 5.57 1.52 
4 9.53 1.69 9.83 2.15 10.79 2.52 11.12 1.27  7.94 2.00 8.22 2.57 7.83 2.11 9.67 0.74 
5 7.60 1.52 7.97 1.29 6.82 2.11 7.91 1.40  8.21 1.96 7.99 1.69 7.37 1.19 7.86 2.73 
6 7.22 1.00 7.16 0.89 7.67 1.86 6.93 1.68  6.76 2.02 7.29 1.97 8.76 1.95 7.09 2.63 
7 10.51 2.13 10.79 2.83 9.39 3.42 10.92 3.23  13.73 3.56 13.13 3.97 12.00 2.71 14.09 2.93 
8 7.66 1.12 7.27 1.66 5.97 0.67 6.21 0.62  7.11 1.34 6.85 1.08 6.58 1.06 6.41 1.13 
9 8.84 2.24 9.78 1.33 9.58 1.67 9.33 2.60  9.56 2.20 11.71 3.13 9.56 1.85 9.25 1.35 
Grouped 8.39 1.57 8.91 2.43 8.33 2.16 8.70 2.40  8.47 2.46 8.59 2.67 8.33 1.96 8.79 3.13 
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Table 12. Participant mean match shot time (s). 
 
 
 
 
 
 
 
 
 
 
Table 13. Participant series mean time in 10 ring  (% of 1s). 
 Control Condition  Heat   Condition 
Participant Time ±SD  Time ±SD 
1 12.1 4.0  11.2 3.2 
2 5.7 1.4  6.2 1.4 
3 7.7 2.1  5.8 1.7 
4 10.3 2.0  8.4 2.0 
5 7.6 1.6  7.9 1.9 
6 7.2 1.4  7.5 2.2 
7 10.4 2.9  13.2 3.3 
8 6.8 1.3  6.7 1.1 
9 9.4 2.0  10.0 2.4 
Grouped 8.6 2.1  8.5 2.5 
      
 Control Condition  Heat Condition 
 Series 1 Series 2 Series 3 Series 4  Series 1 Series 2 Series 3 Series 4 
Participant % 
Time 
±SD % 
Time 
±SD % 
Time 
±SD % 
Time 
±SD  % 
Time 
±SD % 
Time 
±SD % 
Time 
±SD % 
Time 
±SD 
1 33.4% 18.1% 29.5% 20.9% 48.0% 23.1% 40.7% 28.3%  27.1% 18.4% 34.1% 22.0% 29.7% 28.6% 22.5% 17.1% 
2 29.7% 11.3% 41.7% 16.5% 42.9% 21.4% 28.1% 22.0%  32.8% 11.6% 30.6% 20.9% 21.2% 14.4% 29.1% 11.2% 
3 21.7% 8.9% 22.0% 13.9% 22.8% 12.9% 26.8% 9.2%  8.3% 7.0% 13.3% 5.9% 10.9% 7.1% 14.0% 12.9% 
4 47.0% 26.4% 42.2% 21.8% 42.8% 24.7% 40.6% 17.5%  50.5% 22.0% 46.4% 23.1% 41.4% 23.2% 46.8% 27.1% 
5 40.1% 24.1% 46.6% 15.0% 57.3% 18.1% 39.0% 25.3%  27.4% 15.2% 37.7% 17.0% 47.2% 15.8% 42.7% 18.9% 
6 49.2% 17.7% 33.4% 25.0% 33.7% 16.7% 21.8% 19.4%  35.0% 17.0% 38.9% 21.6% 42.7% 12.4% 40.4% 16.6% 
7 32.3% 15.5% 37.7% 27.6% 39.1% 23.5% 41.5% 15.2%  54.3% 13.1% 43.6% 16.5% 44.8% 22.7% 45.9% 16.3% 
8 60.6% 17.5% 58.6% 18.9% 79.6% 16.4% 72.8% 20.0%  75.9% 17.5% 74.2% 17.6% 76.4% 21.2% 69.3% 20.8% 
9 39.3% 20.9% 50.0% 20.6% 34.8% 20.6% 43.4% 14.0%  43.1% 13.3% 45.2% 19.8% 52.8% 16.0% 45.6% 17.1% 
Grouped 39.3% 11.7% 40.2% 11.1% 44.6% 16.3% 39.4% 14.7%  39.4% 19.4% 40.4% 16.2% 40.8% 19.0% 39.6% 16.1% 
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Table 14. Participant match mean time in 10 ring (% of 1s). 
 
 
 
 
 
 
 
 
 
Table 15. Participant series mean shot trace length (mm). 
 Control Condition  Heat   Condition 
Participant % Time ±SD  % Time ±SD 
1 37.9% 23.2%  28.4% 21.5% 
2 35.6% 18.9%  28.4% 15.1% 
3 23.3% 11.2%  11.6% 8.6% 
4 43.2% 22.1%  46.3% 23.2% 
5 45.8% 21.5%  38.8% 17.8% 
6 34.5% 21.6%  39.3% 16.8% 
7 37.7% 20.6%  47.2% 17.4% 
8 67.9% 19.6%  74.0% 18.8% 
9 41.9% 19.3%  46.7% 16.5% 
Grouped 40.9% 12.0%  40.1% 17.2% 
      
 Control Condition  Heat Condition 
 Series 1 Series 2 Series 3 Series 4  Series 1 Series 2 Series 3 Series 4 
Participant Trace ±SD Trace 
ore 
±SD Trace 
Score 
±SD Trace 
Score 
±SD  Trace 
Score 
±SD Trace 
Score 
±SD Trace 
Score 
±SD Trace 
Score 
±SD 
1 130.39 130.39 123.42 123.42 121.76 121.76 114.15 114.15  150.97 150.97 143.19 143.19 135.61 143.19 133.02 133.02 
2 155.41 155.41 149.54 149.54 142.56 142.56 150.47 150.47  182.37 182.37 172.76 172.76 176.60 172.76 156.94 156.94 
3 240.42 240.42 245.26 245.26 257.83 257.83 245.72 245.72  324.70 324.70 287.50 287.50 282.87 287.50 266.30 266.30 
4 100.85 100.85 114.86 114.86 106.39 106.39 113.40 113.40  100.01 100.01 93.02 93.02 109.50 93.02 114.61 114.61 
5 129.82 129.82 141.95 141.95 129.51 129.51 137.20 137.20  165.77 165.77 154.72 154.72 165.74 154.72 148.81 148.81 
6 114.75 114.75 125.92 125.92 132.36 132.36 131.22 131.22  164.73 164.73 148.05 148.05 158.87 148.05 152.66 152.66 
7 118.66 118.66 115.14 115.14 116.30 116.30 126.07 126.07  136.53 136.53 124.21 124.21 128.48 124.21 128.84 128.84 
8 93.80 93.80 102.29 102.29 84.37 84.37 94.49 94.49  111.34 111.34 100.86 100.86 95.23 100.86 101.90 101.90 
9 152.07 152.07 143.06 143.06 147.98 147.98 137.90 137.90  206.52 206.52 180.53 180.53 159.46 180.53 172.80 172.80 
Grouped 137.35 43.82 140.16 42.32 137.67 48.98 138.96 43.31  171.44 66.40 156.09 57.47 156.93 54.38 152.88 47.87 
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Table 16.  Participant series match shot trace length (mm). 
 
 
 
 
 
 
 
 
 
Table 17.  Participant series total fractional point score. 
 
 
 
 
 
Control Condition  Heat Condition 
Participant Trace Length ±SD  Trace Length ±SD 
1 122.4 19.5  140.7 19.2 
2 149.5 18.4  172.2 25.9 
3 247.3 41.4  290.3 60.9 
4 108.9 19.9  104.3 19.9 
5 134.6 26.2  158.8 26.8 
6 126.1 24.2  156.1 23.0 
7 119.0 17.4  129.5 23.1 
8 93.7 14.8  102.3 16.6 
9 145.2 19.8  179.8 30.3 
Grouped 138.5 44.3  159.3 56.2 
      
 Control Condition  Heat Condition 
 Series 1 Series 2 Series 3 Series 4  Series 1 Series 2 Series 3 Series 4 
Participant Score ±SD Score ±SD Score ±SD Score ±SD  Score ±SD Score ±SD Score ±SD Score ±SD 
1 94.4  95.7  101.1  93.1   92.6  98.5  91.6  93.5  
2 94.7  98.3  99.3  95.8   97.5  94.8  91.9  93.2  
3 85.1  92.0  93.9  90.8   76.1  85.4  92.8  84.1  
4 98.0  100.5  95.4  97.6   99.1  99.9  98.5  102.2  
5 95.2  97.6  98.0  96.9   95.7  96.7  99.8  97.5  
6 97.9  96.3  96.6  96.2   98.8  96.2  98.2  98.4  
7 98.1  98.7  97.4  94.8   100.1  101.8  98.1  97.1  
8 99.0  98.9  100.8  102.9   100.8  102.6  101.4  100.0  
9 96.7  98.2  97.8  98.9   97.8  93.4  99.4  100.5  
Grouped 95.5 4.2 97.4 2.5 97.8 2.4 96.3 3.5  95.4 7.6 96.6 5.2 96.9 3.7 96.3 5.5 
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Table 18.  Participant match total fractional point score. 
 
 
 
 
 
 
 
 
Table 19. Participant series total whole point score. 
 
 
 Control Condition  Heat Condition 
Participant Total Score ±SD  Total Score ±SD 
1 384.3   376.2  
2 388.1   377.4  
3 361.8   338.4  
4 391.5   399.7  
5 387.7   389.7  
6 387.0   391.6  
7 389.0   397.1  
8 401.6   404.8  
9 391.6   391.1  
Grouped 386.7 10.6  385.1 19.9 
      
 Control Condition  Heat Condition 
 Series 1 Series 2 Series 3 Series 4  Series 1 Series 2 Series 3 Series 4 
Participant Score ±SD Score ±SD Score ±SD Score ±SD  Score ±SD Score ±SD Score ±SD Score ±SD 
1 92  90  96  88   88  94  87  87  
2 90  94  96  92   93  90  87  87  
3 80  87  91  86   71  83  88  88  
4 93  95  91  92   94  97  94  94  
5 93  93  93  93   90  93  95  95  
6 93  92  94  91   94  91  94  94  
7 93  95  93  91   95  97  94  94  
8 93  95  97  99   97  98  97  97  
9 91  94  94  94   93  89  95  95  
Grouped 90.9 4.2 92.8 2.7 93.9 2.2 91.8 3.7  90.6 7.8 92.4 4.8 92.3 3.9 92.3 5.1 
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Table 20. Participant match total whole point score. 
 
 
 
 
 
 
 
 
 
 Control Condition  Heat Condition 
Participant Total Score ±SD  Total Score ±SD 
1 366   358  
2 372   359  
3 344   323  
4 371   383  
5 372   370  
6 370   373  
7 372   379  
8 384   388  
9 373   372  
Grouped 369.3 10.6  367.2 19.3 
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Appendix 6 – Study 2 Raw Data Tables 
Table 21 Participant details 
 
 
Table 22. Air temperature measurements 
  18/8/07 20/8/07 22/8/07 
Time Point Time Temp oC Humidity RH% Temp oC Humidity RH% Temp oC Humidity RH% 
Entry to range 0 32.4 39.6 33.9 36.0 34 37.3 
  15 33.6 37.5 33.9 39.4 34.2 36.6 
 Start of Pre-cooling 30 35.1 36.8 33.9 32.6 35.2 35.1 
  45       
Start Prep time / End of Pre-cooling 60 35.3 38.6 34.0 36.0 34.4 36.8 
Comp start 80 34.3 36.6 35.0 31.8 34.3 37.1 
End of Series 1 97 34.5 36.4 34.5 36.0 34.2 37.5 
End of Series 2 117 34.2 37.9 35.0 35.9 35.2 35.8 
End of Series 3 137 35.0 35.2 34.6 33.7 34.6 34.8 
End of Series 4 157 35.2 33.0 34.0 37.2 34.5 34.7 
Mean 34.4 36.8 34.5 34.4 34.4 36.5 
SD 0.9 1.9 0.5 2.3 0.5 0.5 
 
Date Participant Sex Height Weight Age 
18/07/07 1 M 180.1 75.9 20.2 
18/07/07 2 F 158.4 43.5 34.1 
18/07/07 3 M 178.9 98.3 47.8 
18/07/07 4 M 185.8 103.4 24.5 
18/07/07 5 F 174.6 70.9 38.1 
18/07/07 6 F 168.0 63.1 43.9 
18/07/07 7 F 154.9 81.5 44.9 
  Mean 171.5 76.6 36.2 
  SD 10.7 20.5 10.6 
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Table 23. Participant thermal comfort. 
 
 Control Condition  Sleeve Condition 
 Participant  Participant 
Time (min) 2 3 4 5 6 7 Mean ±SD  2 3 4 5 6 7 Mean ±SD 
0 4 2.5 3 3 4 5 3.6 0.9  2.5 5 4 4 3 3 3.6 0.9 
30 4.5 4 5 4 4.5 4 4.3 0.4  4.5 5 4.5 4.5 4 4 4.4 0.4 
60 5.5 4 5 4 4.5 4 4.5 0.6  4.5 4.5 4 5 4 4 4.3 0.4 
75 6 4.5 5.5 5 4.5 4.5 5.0 0.6  6 5 5.5 5 4.5 4 5.0 0.7 
92 6.5 4.5 6 5 5 4.5 5.3 0.8  6 5 5.5 5.5 5 4.5 5.3 0.5 
112 6.5 4.5 6 5 5.5 4.5 5.3 0.8  6.5 5 5.5 5.5 5 5 5.4 0.6 
132 7 5 6 5 6 4.5 5.6 0.9  6.5 5 5 5.5 5.5 5 5.4 0.6 
152 7 5 6.5 6 6 4.5 5.8 0.9  6.5 5 5 5.5 6 5.5 5.6 0.6 
                    
 Jacket Condition           
 Participant           
Time (min) 2 3 4 5 6 7 Mean ±SD           
0 3.5 3.5 2.5 4 3 4 3.4 0.6           
30 5 4 4.5 4 5 5 4.6 0.5           
60 2.5 2.5 3 3 3 3 2.8 0.3           
75 4.5 4 4.5 5 5 4.5 4.6 0.4           
92 5.5 4.5 4.5 5 5 4.5 4.8 0.4           
112 6 4.5 5.5 5.5 5 4.5 5.2 0.6           
132 5.5 5 5 6 5.5 5 5.3 0.4           
152 6 5.5 5 6 5.5 5 5.5 0.4           
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Table 24. Participant questionnaire. 
 
 Control Condition  Sleeve Condition  Jacket Condition 
 Participant  Participant  Participant 
Question 2 3 4 5 6 7 Mean ±SD  2 3 4 5 6 7 Mean ±SD  2 3 4 5 6 7 Mean ±SD 
1 6 7 5 9 7 7 6.8 1.2  5 7 4 9 7 7 6.5 1.6  4 7 7 8 7 6 6.5 1.3 
2 2 6 3 7.5 7 7 5.4 2.1  7 4 4 7 7 8 6.2 1.6  4 5 5 7 7 7 5.8 1.2 
3 3 5 6 8 7 7 6.0 1.6  5 5 4 7 7 8 6.0 1.4  4 2 6 8 7 6 5.5 2.0 
4 4 6 7 6 6 6 5.8 0.9  6 7 4 6 8 9 6.7 1.6  6 5 3 7 5 4 5.0 1.3 
5 3 6 7 7 6 4 5.5 1.5  7 7 5 6 8 9 7.0 1.3  6 5 5 6 7 3 5.3 1.2 
6 3 6 7 9 6 6 6.2 1.8  7 7 6 9 7 8 7.3 0.9  6 5 3 8 6 6 5.7 1.5 
7 5 6 7 6 6 8 6.3 0.9  7 7 5 7 7 9 7.0 1.2  6 7 3 4 6 6 5.3 1.4 
8 6 6 3 7 7 7 6.0 1.4  7 6 5 6 7 7 6.3 0.7  6 5 7 7 7 7 6.5 0.8 
9 6 5 7 7 7 7 6.5 0.8  7 6 5 8 7 8 6.8 1.1  5 5 7 6 7 6 6.0 0.8 
10 6 5 7 6 6 5 5.8 0.7  7 6 4 5 7 6 5.8 1.1  6 5 7 5 6 4 5.5 1.0 
11 6 5 6 7 6 7 6.2 0.7  7 6 4 6 7 7 6.2 1.1  6 6 4 6 7 8 6.2 1.2 
12 7 3 6 8 6  6.0 1.7  7 2 2 10 6 5 5.3 2.8  8 6 5 7 6 7 6.5 1.0 
13 7 5 6 4 7 7 6.0 1.2  7 7 3 8 7 7 6.5 1.6  6 6 4 7 6 4 5.5 1.1 
14 7 6 6 6 6 5 6.0 0.6  7 7 3 8 7 6 6.3 1.6  6 4 4 6 7 3 5.0 1.4 
15 5 6 8 8 7 7 6.8 1.1  5 6 5 8 7 7 6.3 1.1  4 5 8 8 7 6 6.3 1.5 
16 5 6 8 5 6 7 6.2 1.1  6 7 4 7 7 8 6.5 1.3  5 6 4 7 7 7 6.0 1.2 
17 5 6 8 8 6 7 6.7 1.1  6 6 4 9 7 7 6.5 1.5  5 4 4 8 6 4 5.2 1.5 
18 7 5 5 8 7 7 6.5 1.1  7 4 3 9 8 6 6.2 2.1  6 6 5 7 5 5 5.7 0.7 
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Table 25. Participant change in skin temperature measurements (oC). 
 Control Condition - Participant  Sleeve Condition - Participant 
Time (min) 2 3 4 5 6 7 Mean ±SD  2 3 4 5 6 7 Mean ±SD 
30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
35 0.18 0.13 0.23 0.06 0.05 0.02 0.11 0.08  -1.25 -1.59 -0.54 -1.66 -1.62 -1.50 -1.36 0.43 
40 0.16 0.27 0.30 0.30 -0.08 0.33 0.21 0.15  -1.07 -1.64 -0.39 -1.46 -1.81 -1.41 -1.30 0.51 
45 0.22 0.30 0.42 0.25 0.11 0.40 0.28 0.12  -1.35 -1.62 -0.27 -1.55 -1.53 -1.33 -1.27 0.51 
50 0.16 0.40 0.31 0.35 0.25 0.25 0.29 0.08  -1.23 -1.60 -0.16 -1.94 -1.50 -1.50 -1.32 0.61 
55 0.29 0.44 0.53 0.48 0.20 0.43 0.39 0.12  -0.97 -1.48 -0.08 -1.92 -1.59 -1.52 -1.26 0.65 
60 0.23 0.46 0.39 0.57 0.24 0.51 0.40 0.14  -0.87 -0.78 0.15 -2.04 -1.37 -1.50 -1.07 0.75 
65 0.53 0.88 0.34 0.99 0.28 0.55 0.60 0.29  0.04 0.29 0.74 -0.06 0.04 -0.93 0.02 0.55 
70 0.47 1.13 0.50 1.20 0.43 0.65 0.73 0.35  0.56 0.58 0.95 0.22 0.46 -0.69 0.35 0.56 
75 0.36 1.19 0.63 1.29 0.56 0.80 0.81 0.37  0.82 0.89 1.05 0.43 0.83 -0.55 0.58 0.59 
80 0.45 1.17 0.57 1.38 0.56 0.84 0.83 0.37  0.84 1.08 1.23 0.52 0.87 -0.35 0.70 0.57 
85 0.40 1.29 0.59 1.42 0.53 0.97 0.87 0.42  0.76 1.17 1.20 0.54 1.05 -0.23 0.75 0.54 
90 0.39 1.12 0.50 1.41 0.35 1.08 0.81 0.45  0.79 1.37 1.32 0.52 1.15 -0.33 0.80 0.65 
97 0.41 1.16 0.49 1.34 0.35 1.39 0.86 0.49  0.71 1.39 1.38 0.51 1.24 -0.41 0.81 0.70 
100 0.43 1.10 0.54 1.33 0.45 1.21 0.84 0.41  0.81 1.28 1.39 0.55 1.19 -0.39 0.81 0.66 
105 0.31 0.98 0.59 1.34 0.53 1.30 0.84 0.43  0.69 1.31 1.25 0.56 1.38 -0.34 0.81 0.66 
110 0.28 0.82 0.50 1.35 0.44 1.26 0.77 0.45  0.62 1.17 1.16 0.47 1.49 -0.39 0.75 0.68 
117 0.24 0.83 0.35 1.48 0.37 1.40 0.78 0.55  0.74 1.08 1.00 0.47 1.53 -0.34 0.75 0.64 
120 0.32 0.89 0.48 1.39 0.51 1.39 0.83 0.48  0.79 1.18 1.13 0.47 1.61 -0.41 0.80 0.70 
125 0.27 0.86 0.46 1.34 0.56 1.34 0.80 0.45  0.76 1.23 1.23 0.31 1.71 -0.45 0.80 0.77 
130 0.16 0.87 0.38 1.37 0.44 1.26 0.75 0.50  0.67 1.16 1.13 0.33 1.62 -0.43 0.75 0.73 
137 0.13 0.73 0.35 1.37 0.55 1.37 0.75 0.52  0.70 1.06 1.02 0.23 1.50 -0.53 0.66 0.72 
140 0.19 0.84 0.31 1.38 0.49 1.34 0.76 0.52  0.82 1.13 1.15 0.30 1.48 -0.48 0.73 0.72 
145 0.18 0.80 0.39 1.31 0.51 1.41 0.77 0.50  0.76 1.17 1.12 0.22 1.77 -0.47 0.76 0.79 
150 0.18 0.73 0.33 1.31 0.49 1.46 0.75 0.52  0.73 1.16 1.07 0.29 1.79 -0.53 0.75 0.80 
157 0.37 0.64 0.21 1.06 0.63 1.55 0.74 0.49  0.88 1.03 0.63 0.26 1.55 -0.64 0.62 0.75 
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 Jacket Condition - Participant 
Time (min) 2 3 4 5 6 7 Mean ±SD 
30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
35 -1.16 -0.50 -1.51 -1.21 -0.96 -0.79 -1.02 0.35 
40 -1.69 -0.74 -2.02 -1.40 -1.16 -0.63 -1.27 0.54 
45 -1.69 -0.85 -2.32 -1.33 -1.28 -0.69 -1.36 0.59 
50 -1.62 -0.95 -2.25 -1.30 -1.35 -0.72 -1.36 0.54 
55 -1.69 -0.95 -2.44 -1.28 -1.49 -0.74 -1.43 0.60 
60 -1.96 -0.95 -2.32 -0.44 -0.66 -0.68 -1.17 0.78 
65 0.15 0.24 -0.57 0.26 0.19 0.30 0.10 0.33 
70 0.55 0.63 0.04 0.48 0.28 0.56 0.42 0.22 
75 0.84 0.97 0.70 0.81 0.64 0.86 0.80 0.12 
80 0.92 1.03 0.82 0.98 0.83 0.73 0.88 0.11 
85 1.01 1.22 1.09 1.13 1.00 0.84 1.05 0.13 
90 0.95 1.30 0.97 1.30 1.20 0.80 1.09 0.21 
97 0.86 1.34 1.08 1.29 0.94 0.91 1.07 0.20 
100 0.88 1.32 1.21 1.39 1.02 0.97 1.13 0.21 
105 0.68 1.27 1.28 1.50 1.25 0.83 1.14 0.31 
110 0.63 1.11 1.00 1.57 1.37 0.84 1.09 0.34 
117 0.65 0.92 0.96 1.52 1.45 0.92 1.07 0.34 
120 0.49 0.99 0.94 1.55 1.50 0.94 1.07 0.40 
125 0.50 0.98 0.99 1.56 1.58 0.87 1.08 0.42 
130 0.40 0.83 0.91 1.47 1.39 0.77 0.96 0.40 
137 0.27 0.84 1.02 1.38 1.36 1.01 0.98 0.41 
140 0.36 0.65 0.99 1.50 1.45 0.77 0.95 0.45 
145 0.29 0.74 1.01 1.36 1.56 0.70 0.94 0.47 
150 0.26 0.61 0.93 1.35 1.62 0.77 0.92 0.50 
157 0.22 0.47 1.02 1.52 1.38 0.73 0.89 0.51 
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Table 26. Participant change in core body temperature (oC).  
Measurements from subjects 4, 6 and 9 were excluded due to systematic erroneous pill measurements in either trial condition. 
 
 Control Condition - Participant  Sleeve Condition - Participant 
Time (min) 2 3 4 5 6 7 Mean ±SD  2 3 4 5 6 7 Mean ±SD 
Range Entry -0.26 -0.26 -0.21 -0.02 0.08 -0.20 -0.11 -0.11  -0.32 -0.52 -0.17 -0.09     
5 -0.17 -0.17 -0.22 -0.13 -0.11 -0.21 -0.17 -0.17  -0.36 -0.48 -0.20 -0.17     
10 -0.13 -0.13 -0.19 -0.03 -0.10 -0.19 -0.14 -0.14  -0.31 -0.38 -0.19 -0.10     
15 -0.06 -0.06 -0.14 -0.04 -0.07 -0.15 -0.11 -0.11  -0.26 -0.18 -0.11 -0.13     
20 -0.06 -0.06 -0.11 -0.16 0.02 -0.10 -0.09 -0.09  -0.18 -0.06 0.03 -0.16     
25 -0.02 -0.02 -0.08 -0.10 0.01 -0.05 -0.05 -0.05  0.07 -0.02 0.02 -0.10 -0.02    
30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
35 0.03 0.03 0.09 0.08 0.02 0.06 0.05 0.05  -0.02 0.05 -0.06 0.10 0.05 0.05 0.03 0.06 
40 -0.30 -0.30 0.11 0.08 -0.04 0.12 0.01 0.01  0.03 0.08 0.01 0.08 0.08 0.13 0.07 0.04 
45 -0.43 -0.43 0.15 0.16 -0.09 0.14 -0.01 -0.01  0.16 0.02 -0.02 0.14 0.08 0.21 0.10 0.09 
50 -0.29 -0.29 0.18 0.18 -0.15 0.17 0.01 0.01  0.22 0.02 -0.08 0.12 0.15 0.24 0.11 0.12 
55 -0.20 -0.20 0.20 0.15 -0.01 0.16 0.05 0.05  0.20 0.03 -0.15 0.13 0.16 0.24 0.10 0.14 
60 -0.27 -0.27 0.21 0.15 0.08 0.16 0.05 0.05  0.07 0.04 -0.16 0.12 0.19 0.25 0.08 0.14 
65 -0.20 -0.20 0.19 0.16 0.22 0.15 0.09 0.09  0.14 0.09 -0.22 0.06 0.14 0.66 0.14 0.29 
70 -0.08 -0.08 0.25 -0.07 0.30 0.15 0.06 0.06  -0.01 0.12 -0.22 0.03 -0.03 0.69 0.10 0.31 
75 -0.08 -0.08 0.31 0.04 0.27 0.17 0.15 0.15  0.29 0.13 0.11 -0.02 -0.05 0.75 0.20 0.30 
80 -0.15 -0.15 0.34 0.05 0.28 0.19 0.16 0.16  0.43 0.23 0.17 -0.05 0.03 0.67 0.25 0.27 
85 -0.12 -0.12 0.38 0.07 0.33 0.21 0.20 0.20  0.50 0.27 0.16 0.01 0.26 0.57 0.30 0.21 
92 -0.09 -0.09 0.44 0.14 0.32 0.22 0.22 0.22  0.48 0.31 0.15 0.01 0.26 0.67 0.31 0.23 
95 -0.13 -0.13 0.48 0.18 0.31 0.25 0.24 0.24  0.41 0.37 0.19 0.06 0.32 0.76 0.35 0.24 
100 -0.04 -0.04 0.59 0.23 0.32 0.22 0.27 0.27  0.29 0.34 0.26 0.11 0.22 0.70 0.32 0.20 
105 -0.10 -0.10 0.55 0.24 0.29 0.19 0.26 0.26  0.29 0.35 0.33 0.19 0.26 0.61 0.34 0.15 
112 -0.11 -0.11 0.59 0.23 0.38 0.17 0.27 0.27  0.31 0.54 0.22 0.13 0.33 0.55 0.35 0.17 
115 -0.11 -0.11 0.65 0.29 0.38 0.10 0.29 0.29  0.45 0.51 0.23 0.12 0.44 0.41 0.36 0.15 
120 -0.13 -0.13 0.58 0.30 0.35 0.28 0.31 0.31  0.43 0.49 0.28 0.19 0.48 0.46 0.39 0.13 
125 -0.17 -0.17 0.58 0.32 0.34 0.34 0.33 0.33  0.43 0.41 0.31 0.20 0.48 0.32 0.36 0.10 
132 -0.24 -0.24 0.56 0.31 0.15 0.45 0.30 0.30  0.46 0.38 0.15 0.20 0.50 0.28 0.33 0.14 
135 -0.14 -0.14 0.58 0.33 0.17 0.58 0.35 0.35  0.14 0.33 0.26 0.20 0.49 0.37 0.30 0.13 
140 -0.14 -0.14 0.56 0.30 0.32 0.53 0.36 0.36  0.06 0.36 0.30 0.24 0.46 0.38 0.30 0.14 
145 -0.09 -0.09 0.55 0.27 0.37 0.59 0.38 0.38  0.08 0.29 0.34 0.26 0.46 0.41 0.30 0.14 
152 -0.06 -0.06 0.58 0.23 0.40 0.53 0.37 0.37  0.16 0.27 0.34 0.23 0.47 0.47 0.32 0.13 
157 -0.01 -0.01 0.58 0.22 0.35 0.70 0.39 0.39  0.29 0.43 0.33 0.23 0.57 0.61 0.41 0.16 
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 Jacket Condition - Participant 
Time (min) 2 3 4 5 6 7 Mean ±SD 
Range Entry -0.10 -0.10 -0.05 -0.21 -0.01 -0.16 -0.08 0.09 
5 -0.05 -0.05 -0.11 -0.13 -0.06 -0.17 -0.09 0.06 
10 -0.16 -0.16 -0.13 -0.09 -0.06 -0.14 -0.08 0.09 
15 -0.08 -0.08 -0.13 -0.08 -0.07 -0.09 -0.06 0.07 
20 -0.02 -0.02 -0.04 -0.10 -0.08 -0.05 -0.03 0.07 
25 -0.06 -0.06 0.03 -0.06 -0.04 -0.03 0.00 0.09 
30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
35 -0.02 -0.02 -0.10 0.04 0.08 -0.04 -0.01 0.06 
40 -0.06 -0.06 -0.13 0.03 0.24 0.06 0.05 0.14 
45 0.06 0.06 -0.06 0.09 0.23 0.03 0.09 0.11 
50 0.16 0.16 -0.01 0.04 0.23 0.00 0.07 0.10 
55 -0.07 -0.07 -0.04 0.04 0.20 -0.02 0.01 0.11 
60 -0.10 -0.10 0.01 -0.02 0.15 0.14 0.03 0.10 
65 0.01 0.01 -0.01 -0.07 -0.06 0.42 0.09 0.20 
70 -0.20 -0.20 -0.03 -0.07 -0.12 0.25 0.00 0.17 
75 -0.29 -0.29 -0.04 -0.07 -0.09 0.16 -0.03 0.17 
80 -0.39 -0.39 -0.02 -0.18 0.28 0.00 -0.02 0.25 
85 -0.24 -0.24 0.04 -0.21 0.34 0.08 0.04 0.24 
92 -0.18 -0.18 0.11 -0.24 0.40 0.12 0.03 0.23 
95 -0.16 -0.16 0.22 0.04 0.24 0.15 0.10 0.15 
100 -0.09 -0.09 0.28 0.13 0.39 0.00 0.22 0.25 
105 0.08 0.08 0.27 0.13 0.21 0.20 0.23 0.14 
112 0.16 0.16 0.26 0.17 0.25 0.20 0.28 0.18 
115 0.21 0.21 0.30 0.21 0.36 0.14 0.30 0.15 
120 0.26 0.26 0.28 0.27 0.17 0.02 0.26 0.18 
125 0.23 0.23 0.32 0.29 0.18 0.23 0.31 0.16 
132 0.27 0.27 0.37 0.32 0.21 0.13 0.32 0.18 
135 0.22 0.22 0.46 0.35 0.29 0.23 0.36 0.16 
140 0.20 0.20 0.39 0.37 0.32 0.31 0.38 0.18 
145 0.20 0.20 0.39 0.42 0.19 0.26 0.36 0.20 
152 0.23 0.23 0.42 0.46 0.21 0.20 0.38 0.21 
157 0.20 0.20 0.42 0.45 0.22 0.19 0.37 0.22 
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Table 27. Participant heart rate (bpm).  
 Control Condition  Sleeve Condition 
 Participant  Participant 
Time (min) 2 3 4 5 6 7 Mean ±SD  2 3 4 5 6 7 Mean ±SD 
Warm up – 0-30 102 72 73 82 84 89 83.7 11.1  109 72 66 87 81 88 83.8 15.0 
Rest – 30-60 97 73 71 72 81 85 79.8 10.1  106 71 60 75 85 86 80.5 15.8 
Preparation – 60-75 111 82 83 85 84 89 89.0 11.0  114 81 90 96 80 91 92.0 12.4 
Series 1 – 75-92 115 84 88 96 89 91 93.8 11.1  121 83 85 102 83 94 94.7 14.9 
Rest 1 – 92-95 98 81 88 78 85 82 85.3 7.1  94 81 75 93 78 92 85.5 8.5 
Series 2 – 95-112 111 83 91 100 89 94 94.7 9.8  120 89 86 109 88 99 98.5 13.6 
Rest 2 – 112-115 91 72 77 83 82 88 82.2 7.0  97 80 73 91 83 90 85.7 8.7 
Series 3 – 115-132 112 84 90 106 89 95 96.0 10.8  121 89 85 112 88 99 99.0 14.6 
Rest 3 – 132-135 96 78 77 87 84 89 85.2 7.1  103 79 74 91 89 98 89.0 11.0 
Series 4 – 135-152 112 84 93 115 91 98 98.8 12.3  127 89 85 117 90 102 101.7 17.0 
                    
 Jacket Condition           
 Participant           
Time (min) 2 3 4 5 6 7 Mean ±SD           
Warm up – 0-30 95 72 71 89 88 93 84.7 10.5           
Rest – 30-60 79 67 64 72 84 86 75.3 9.1           
Preparation – 60-75 94 73 73 98 82 96 86.0 11.5           
Series 1 – 75-92 102 80 81 108 86 93 91.7 11.5           
Rest 1 – 92-95 93 77 74 88 83 95 85.0 8.5           
Series 2 – 95-112 106 82 86 115 86 96 95.2 13.1           
Rest 2 – 112-115 94 77 74 95 88 93 86.8 9.2           
Series 3 – 115-132 108 82 88 116 90 97 96.8 12.9           
Rest 3 – 132-135 92 75 73 97 90 89 86.0 9.7           
Series 4 – 135-152 110 82 89 116 90 100 97.8 13.2           
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Table 28. Participant mean series shot time (s). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Control Condition  Sleeve Condition 
 Series 1 Series 2 Series 3 Series 4  Series 1 Series 2 Series 3 Series 4 
Participant Time ±SD Time ±SD Time ±SD Time ±SD  Time ±SD Time ±SD Time ±SD Time ±SD 
2 6.6 2.2 4.9 2.2 5.3 2.0 5.0 2.4  4.9 1.7 4.6 1.0 5.1 1.4 5.2 1.3 
3 9.9 3.2 8.7 2.5 9.1 1.6 8.9 1.4  11.6 2.1 11.5 2.4 11.7 1.8 10.3 2.5 
4 5.8 2.3 6.6 1.3 6.5 2.0 8.2 1.9  7.4 1.5 7.2 2.1 8.2 1.7 6.9 1.6 
5 4.9 1.3 4.2 0.8 5.4 1.0 5.3 1.0  6.9 0.8 6.0 1.1 5.4 0.7 6.0 1.2 
6 5.4 0.9 5.8 1.4 6.6 1.6 6.0 1.6  5.5 1.1 5.8 0.9 5.6 1.3 5.0 1.3 
7 7.1 1.2 6.6 1.4 7.5 2.0 7.4 1.2  7.6 2.5 7.8 1.9 7.2 1.0 7.1 2.1 
Grouped 6.6 1.8 6.1 1.6 6.7 1.4 6.8 1.6  7.3 2.3 7.1 2.4 7.2 2.5 6.7 2.0 
                  
 Jacket Condition          
 Series 1 Series 2 Series 3 Series 4          
Participant Time ±SD Time ±SD Time ±SD Time ±SD          
2 6.9 2.1 5.5 2.1 5.9 2.4 4.8 1.3          
3 9.8 2.3 9.5 1.4 10.8 1.8 9.1 2.1          
4 7.7 1.4 6.5 1.7 6.8 1.9 7.3 1.9          
5 4.5 0.6 4.3 0.8 4.7 0.6 5.3 0.7          
6 5.0 1.3 6.3 1.0 6.1 1.0 6.1 1.0          
7 8.4 3.3 8.8 1.3 9.1 2.2 9.2 1.6          
Grouped 7.0 2.0 6.8 2.0 7.2 2.3 6.9 1.9          
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Table 29. Participant mean match shot time (s). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Control Condition  Sleeve Condition  Jacket Condition 
Participant Time ±SD  Time ±SD  Time ±SD 
2 5.4 2.2  4.9 1.4  5.8 2.1 
3 9.1 2.3  11.3 2.2  9.8 2.0 
4 6.8 2.0  7.4 1.7  7.1 1.7 
5 5.0 1.1  6.1 1.1  4.7 0.8 
6 6.0 1.4  5.5 1.2  5.9 1.2 
7 7.1 1.5  7.5 1.9  8.9 2.2 
Grouped 6.6 1.5  7.1 2.3  7.0 2.0 
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Table 30. Participant series mean individual shot time in 10 ring (% of 1s). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Control Condition  Sleeve Condition 
 Series 1 Series 2 Series 3 Series 4  Series 1 Series 2 Series 3 Series 4 
Participant % 
Time 
±SD % 
Time 
±SD % 
Time 
±SD % 
Time 
±SD  % 
Time 
±SD % 
Time 
±SD % 
Time 
±SD % 
Time 
±SD 
2 24.2% 14.1% 26.7% 24.2% 19.2% 15.0% 21.2% 24.0%  33.7% 12.9% 23.8% 17.3% 33.2% 20.3% 22.5% 13.1% 
3 39.4% 23.2% 44.8% 19.7% 47.1% 25.7% 52.9% 19.7%  40.2% 21.7% 31.2% 20.7% 41.7% 20.7% 35.3% 16.3% 
4 26.2% 19.1% 35.6% 19.5% 18.7% 11.5% 29.8% 19.5%  44.8% 15.4% 29.5% 14.8% 32.7% 13.7% 41.9% 19.8% 
5 16.2% 15.5% 12.1% 9.6% 6.7% 7.0% 9.2% 9.1%  39.1% 15.1% 31.6% 14.3% 39.8% 21.4% 37.5% 16.3% 
6 25.8% 12.3% 28.0% 15.4% 40.8% 19.4% 33.1% 19.7%  25.3% 12.1% 26.8% 19.6% 17.1% 14.5% 26.5% 18.8% 
7 31.0% 21.6% 31.1% 25.4% 36.3% 20.6% 36.2% 29.2%  30.3% 25.8% 24.5% 16.7% 30.0% 24.3% 38.0% 24.6% 
Grouped 27.1% 7.7% 29.7% 10.8% 28.1% 15.6% 30.4% 14.7%  35.6% 7.2% 27.9% 3.4% 32.4% 8.7% 33.6% 7.5% 
                   Jacket Condition          
 Series 1 Series 2 Series 3 Series 4          
Participant % 
Time 
±SD % 
Time 
±SD % 
Time 
±SD % 
Time 
±SD          
2 17.6% 15.4% 6.6% 9.6% 9.0% 11.8% 23.0% 29.3%          
3 61.2% 21.8% 44.8% 21.5% 58.5% 17.6% 54.1% 8.7%          
4 39.1% 14.7% 34.4% 22.7% 26.5% 20.1% 27.3% 24.3%          
5 32.5% 21.9% 30.8% 19.3% 29.3% 9.8% 26.9% 10.4%          
6 29.4% 20.2% 20.9% 16.9% 27.5% 18.1% 24.9% 13.7%          
7 26.8% 27.9% 56.5% 21.3% 30.5% 27.5% 48.7% 32.4%          
Grouped 34.4% 14.9% 32.3% 17.5% 30.2% 16.0% 34.2% 13.6%          
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Table 31. Participant match mean individual shot time in 10 ring (% of 1s). 
 
 
 
 
 
 
 
 
 Control Condition  Sleeve Condition  Jacket Condition 
Participant % Time ±SD  % Time ±SD  % Time ±SD 
2 22.8% 19.4%  28.3% 16.4%  14.1% 14.1% 
3 46.1% 21.9%  37.1% 19.7%  54.7% 54.7% 
4 27.6% 18.1%  37.2% 16.7%  31.8% 31.8% 
5 11.1% 11.0%  37.0% 16.6%  29.9% 29.9% 
6 31.9% 17.3%  23.9% 16.4%  25.7% 25.7% 
7 33.7% 23.6%  30.7% 22.7%  40.6% 40.6% 
Grouped 28.8% 11.7%  32.4% 5.6%  32.8% 32.8% 
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Table 32. Participant series mean shot trace length (mm). 
 Control Condition  Sleeve Condition 
 Series 1 Series 2 Series 3 Series 4  Series 1 Series 2 Series 3 Series 4 
Participant Trace 
Length 
±SD Trace 
Length 
±SD Trace 
Length 
±SD Trace 
Length 
±SD  Trace 
Length 
±SD Trace 
Length 
±SD Trace 
Length 
±SD Trace 
Length 
±SD 
2 220.0 70.7 173.5 45.4 199.2 41.0 186.0 35.5  39.7 43.7 185.6 31.2 157.8 36.6 202.7 43.1 
3 135.2 29.1 130.6 23.0 111.0 17.4 118.1 23.0  31.8 22.5 127.5 20.3 121.9 20.6 128.0 30.1 
4 147.7 27.6 150.5 25.8 155.0 31.8 148.6 29.2  16.8 21.3 135.5 31.8 144.3 22.6 134.1 20.8 
5 129.0 20.7 148.0 12.2 139.7 27.6 145.1 15.7  16.9 13.5 156.9 38.2 142.1 19.0 142.6 20.0 
6 155.5 18.9 152.3 20.3 142.0 17.7 136.3 14.2  19.8 19.2 149.8 26.3 143.8 21.4 147.7 17.4 
7 118.0 28.6 114.2 9.1 121.9 17.5 107.4 7.8  22.7 12.5 114.5 26.7 110.2 14.9 113.9 32.7 
Grouped 150.9 36.4 144.8 20.3 144.8 30.9 140.2 27.5  24.3 25.4 145.0 25.1 136.7 17.3 144.8 30.7 
                   Jacket Condition          
 Series 1 Series 2 Series 3 Series 4          
Participant Trace 
Length 
±SD Trace 
Length 
±SD Trace 
Length 
±SD Trace 
Length 
±SD          
2 155.1 28.9 172.0 42.5 162.6 42.0 173.6 39.7          
3 123.4 40.0 123.9 15.8 127.4 31.0 122.8 31.8          
4 132.1 19.5 140.1 9.5 137.7 22.5 134.1 16.8          
5 144.9 21.4 132.7 14.8 157.1 28.0 151.5 16.9          
6 138.3 21.4 137.5 25.7 132.4 22.5 135.3 19.8          
7 95.0 7.1 104.1 20.7 99.4 15.4 102.4 22.7          
Grouped 131.5 20.9 135.0 22.3 136.1 22.7 136.6 24.3          
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Table 33. Participant match mean shot trace length (mm). 
 
 
 
 
 
 
 
 
 
 
 Control Condition  Sleeve Condition  Jacket Condition 
Participant Trace Length ±SD  Trace Length ±SD  Trace Length ±SD 
2 194.7 51.1  184.9 41.1  165.8 37.9 
3 123.7 24.6  126.9 23.0  124.4 29.8 
4 150.5 27.7  137.8 23.9  136.0 17.3 
5 140.4 20.5  146.1 24.4  146.5 22.1 
6 146.5 18.9  145.4 20.9  135.9 21.7 
7 115.4 18.0  114.8 22.7  100.2 17.2 
Grouped 145.2 27.8  142.7 23.9  134.8 21.9 
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Table 34. Participant series total fractional point score. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Control Condition  Sleeve Condition 
 Series 1 Series 2 Series 3 Series 4  Series 1 Series 2 Series 3 Series 4 
Participa
nt 
Shot 
Scor
e 
±SD Shot 
Scor
e 
±SD Shot 
Score 
±SD Shot 
Scor
e 
±SD  Shot 
Scor
e 
±SD Shot 
Scor
e 
±SD Shot 
Score 
±SD Shot 
Score 
±SD 
2 94.7  95.0  94.7  94.7   91.7  94.4  91.5  94.7  
3 95.4  97.7  89.4  94.1   95.5  93.3  96.9  96.7  
4 95.2  94.5  101.2  98.5   96.4  92.5  96.6  96.1  
5 95.5  93.7  93.7  92.5   94.6  95.3  95.3  97.4  
6 94.0  89.7  88.0  90.2   98.1  94.0  91.2  98.5  
7 92.8  97.9  95.5  95.2   95.0  92.8  95.9  94.7  
Grouped 95.0 1.1 96.4 3.1 100.5 5.5 97.7 3.1  95.2 2.1 93.7 1.1 94.6 2.6 96.4 1.5 
                  
 Jacket Condition          
 Series 1 Series 2 Series 3 Series 4          
Participa
nt 
Shot 
Scor
e 
±SD Shot 
Scor
e 
±SD Shot 
Score 
±SD Shot 
Scor
e 
±SD          
2 98.4  86.4  86.5  85.8           
3 99.1  98.3  98.3  100.4           
4 97.1  87.4  95.0  95.6           
5 97.1  97.5  91.7  94.2           
6 93.8  96.7  96.9  98.0           
7 98.5  98.6  92.8  99.5           
Grouped 97.3 1.9 94.2 5.7 93.5 4.2 95.6 5.3          
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Table 35. Participant series total fractional point score.  
 
 
 
 
 
 Control Condition  Sleeve Condition  Jacket Condition 
Participant Total Score ±SD  Total Score ±SD  Total Score ±SD 
2 376.6   372.3   357.1  
3 389.4   382.4   396.1  
4 375.4   381.6   375.1  
5 361.9   382.6   380.5  
6 381.4   381.8   385.4  
7 389.6   378.4   389.4  
Grouped 379.1 10.4  379.9 4.0  380.6 13.6 
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Table 36. Participant series total whole point score 
 
 
 
 
 Control Condition  Sleeve Condition 
 Series 1 Series 2 Series 3 Series 4  Series 1 Series 2 Series 3 Series 4 
Participant Score ±SD Score ±SD Score ±SD Shot 
Scor
e 
±SD  Score ±SD Score ±SD Score ±SD Score ±SD 
2 91  93  85  88   86  89  89  90  
3 90  89  95  94   90  88  92  91  
4 94  88  90  87   93  89  91  92  
5 88  86  84  85   89  89  92  93  
6 87  94  91  91   93  90  87  93  
7 91  91  95  92   90  86  91  90  
Grouped 90.2 2.5 90.2 3.1 90.0 4.7 89.5 3.4  90.2 2.6 88.5 1.4 90.3 2.0 91.5 1.4 
                  
 Jacket Condition          
 Series 1 Series 2 Series 3 Series 4          
Participant Score ±SD Score ±SD Score ±SD Shot 
Scor
e 
±SD          
2 94  81  83  81           
3 96  95  93  97           
4 93  85  91  91           
5 94  91  87  90           
6 91  92  92  93           
7 94  94  89  95           
Grouped 93.7 1.6 89.7 5.5 89.2 3.7 91.2 5.6          
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Table 37. Participant match total whole point score 
 
 
 
 
 
 
 
 Control Condition  Sleeve Condition  Jacket Condition 
Participant Total Score ±SD  Total Score ±SD  Total Score ±SD 
2 357   354   339  
3 368   361   381  
4 359   365   360  
5 343   363   362  
6 363   363   368  
7 369   357   372  
Grouped 359.8 9.5  360.5 4.2  363.7 14.2 
         
